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1.0 INTRODUCTION

The development of advanced materials and methods to process these

materials have traditionally played a key role in the evolution of technology

for the aerospace industry. This is particularly true for the gas turbine

engine industry, where the requirements for enhanced temperature capability

with lower specific fuel consumption have continually been upgraded. The

additional realization that raw materials and energy sources are finite has

placed a new perspective on technology developments for this industry. This

new perspective relates particularly to the vulnerability of the U.S. gas

turbine industry in terms of its heavy reliance upon non-domestic sources for

much of its strategic metals requirements. These considerations are

especially important in a number ot Air Force systems because of the

austenitic stainless steels and nickel-base superalloys used in gas turbine

engines. The questionable future availability of chromium, for example, poses

a potential serious threat to these applicacions. The replacement of

stainless steels and certain of the nickel-base superalloys with a material of

siml ar properties, but which does not contain strategic elements would be of

long term benefit with respect to cost and dependence on imported chromium.

The iron-aluminum based alloys have generated considerable interest for

possible Air Force system applications. The advantage of this class of alloys

includes the potential for non or low strategic element compositions with

Outstanding oxidation resistance and reduced densities compared to

conventional high temperature materials. Previously, these alloys were

investigated extensively in the inid-195)'s through the early 1960's, but no

significant commercialization occurred because of difficulties with room

temperature ductility, processing and control of microstructure. Recent

develo pments in the metallurgy of these materials have demonstrated potential

for overcoming these problems. These developnents include an improved

understanding of iron-aluminum dlloy ordering reactions, rapid soliditication

poider metallurgy technology, an improved understanding and control of

cOnpaction processes, and improved deformation processing techniques such as

isothermal torging. A need, thus, exists to apply these developments for

prospective Air Force applications.

r e-



The present investigation was conducted, then, to apply these concepts

for improved iron-aluminum alloys for potential Air Force applications. More

specifically, efforts were focused on the Fe3Al system which exhibits the DO3

ordered crystal lattice with particular effort being addressed towards

improving the high temperature strength and room temperature ductility of this

system. The experimental approach involved the screening evaluation of two

experimental series of alloys which then formed the basis for the selection of

a single alloy composition for more complete properties testing. The alloy

design philosophy was based on the concept of improving strength and ductility

through an investigation of the effects of ternary and quaternary element

additions on the resultant microstructures and changes in the Do3 B2

transformation temperatures. Powder metallurgy as well as isothermal forging

processing routes were explored for these experimental alloys.

The results of this study are summarized in this final report. It

includes a review of the program outline to develop iron aluminides, a

discussion of the materials procurement and processing, a summary of the

experimental results, and a discussion of these results and recommendations.

2-7
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2.0 PROGRAM OUTLINE

The basic goal of the program was the development of iron aluminides with

improved high temperature strength and room temperature ductility compared to

the baseline Fe3 A] alloy composition. To accomplish this goal, ternary and ,

quaternary element additions were made to the baseline to establish the

effects on microstructure, ordering temperature, oxidation resistance,

workability, and mechanical properties performance. The study consisted of

two technical tasks and followed the outline presented in the Work Breakdown

Structure of Figure 1. Task I of the investigation involved the preparation

of iron aluminide powders for subsequent study at AFWAL. Task II consisted of

the screening evaluation of two series of experimental iron aluminide alloys

as well as a more complete evaluation of a single alloy designed on the basis

of the screening study. For the Task II portion of this program, TRW was

teamed with Systems Research Laboratories, Inc. (SRL), with SRL responsible

for in-depth microstructural characterization of the alloys under

investigation.

2.1 Task I - Powder for Alloy Development

The objective of this task was to supply iron aluminide powder to AFWAL.

The alloy powders included FeAl , Fe Al , and twelve ternary alloys based on

Fe3 Al. The FeAl and Fe3 Al powders were produced by conventional inert gas

atomization and sieved into various size fractions possessing different

cooling rates, with the smaller particles having faster cooling rates. The

ternary alloy powders were produced by the Plasma Rotating Electrode Process

(PREP).

2.2 Task II Alloy Development Studies

The objective of this task was to study the effect of ternary additions

on Fe3 AI. The was accomplished by an evaluation of two series of experimental

alloys based upon Fe3 AI which was followed by a more complete characterization

of an alloy defined on the basis of the results of the first two series of

all oys.

3
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2.2.1 Series I Alloys

For the Series I effort, twenty one alloy compositions (including the

Fe Al baseline alloy) were produced in powder form and consolidated by hot
3

extrusion. Some of these alloys were blends of PREP powder with gas atomized

Fe 3Al, all produced during the Task I portion of this program, and some were

solely prealloyed PREP powder.

These alloys were characterized with respect to their microstructure and

to the effect the alloy additions had on the critical temperature at which the

DO3 -B2 order change occurred. Homogenization heat treatments were developed

for the blended alloys and ordering heat treatments were developed for all the

alloys.

Screening evaluations included mechanical properties characterization,

oxidation testing and workability testing. All evaluations were conducted on

material in the extruded, homogenized (where necessary) and fully ordered

condition. The mechanical properties characterization included tensile tests

at room temperature and 600 0 C (1112°F). Oxidation tests included long time

exposures in laboratory air at 816 0 C (1500 0 F). Workability tests included

isothermal upset forging at 954°C (1750 0 F). Metallographic analysis was

conducted on selected samples to aid in the interpretation of the results.

2.2.2 Series II Alloys

For the Series II effort, fifteen alloy compositions were produced by

isothermal forging of cast ingots. These alloys were primarily quaternary

compositions and were designed on the basis of the results of the Series I

alloys. These alloys were characterized with respect to their microstructure.

Screening evaluations were conducted on selected alloys and included
00

four-point oending tests over the temperature range 600-700 C (1112-1292°F).

').2.3 Alloy Characterization

In thi t, portion of the program, a single alloy composition was produced

by honi extrusion of cast ingots. This alloy was a qudternary composition and

."5



was designed on the basis of the results of the Series I and II alloys. Thi s

* alloy was heat treated to obtain the microstructure best suited for optimumn

performance.

A comprehensive evaluation was conducted on this alloy to characterize
its mechanical property behavior and to correlate this behavior with

microstructure. The mechanical property tests included tensile, creep

rupture, and axial fatigue tests at elevated temperature. Oxidation

*resistance of the alloy was also characterized. Metallographic analysis was

* conducted on selected specimens to aid in the interpretation of the mechanical

property results.
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3.0 TASK I - POWDER FOR ALLOY DEVELOPMENT

The objective of this task was to supply iron aluminide powder to AFWAL.

The alloy powders were to include FeAl, Fe3Al, and twelve ternary alloys based

33on Fe 3A]. The FeAl and Fe3 A] powders were produced by conventional inert gas

atomization and sieved into various size fractions to obtain different cooling

rates, with smaller particles having faster cooling rates. The ternary alloy

powders were produced by the Plasma Rotating Electrode Process (PREP).

3.1 Procurement of FeAl and Fe3Al Powders

The Linde Division of Union Carbide Corporation was contracted to produce

the inert gas (argon) atomized FeAl and Fe3Al powders. A single heat of each

of the alloy powders was melted and atomized and the chemical analyses of

these two heats are presented in Table I. The following shipment of powder

was made to AFWAL.

One container of FeAl powder, -60+140 mesh -22.7 kg(50 1b)

One container of FeAl powder, -200 mesh - 12.7 kg(28 lb)

One container of Fe3A] powder, -60+140 mesh - 18.2 kg(40 lb)

One container of Fe3Al powder, -200 mesh - 26.8 kg(59 Ib)

Optical metallography of polished cross sections and scanning electron

microscopy (SEM) of the FeAl and Fe3Al powders were performed to examine the

initial microstructure and powder particle characteristics. The powders were

examined in size fractions of -60+140 mesh, -140+200 mesh and -200 mesh.

Photomicrographs are shown in Figures 2-5 for these powders. For the FeAl

alloy, Figures 2-4 show satellite formations (smaller particles attaching

themselves to larger particles), particle "capping" (a thin skin formed on

solidifying particles as the result of collisions between relatively cool

particles and still-molten droplets), and the presence of hollow particles.

This alloy is brittle, with numerous examples of grain boundary cracking.

7,-
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TABLE I

COMPOSITION OF TASK I - INERT GAS ATOMIZED FE-AL POWDERS
(WEIGHT PERCENT)

Fe 3A FeA"

(Lot 111381) (Lot 111181)

Fe 85.8 67.9

Al 13.92 31.74

C 0.023 0.017

Co 0.015 0.025

Cr 0.010 0.015

Mo <0.01 <0.01

Mn 0.085 0.080

Ni 0.021 0.030

Si 0.025 0.045

Ti <0.01 <0.01

0 0.027 0.026

8
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This can be observed by the evidence of particle fragments in Figures 2b, 3b,

and 4b. There also appears to be a difference in grain structure with

particle size. The -140 mesh particles exhibit a finer microstructure than

the -60 mesh size particles. However, no chemistry variations were observed

by energy dispersive X-ray analysis. Similar general trends were observed in

the Fe3A] powders, Figure 5, particularly the presence of hollow particles and

particle "cappig" .

3.2 Procurement of Fe-AI-X Powders

The twelve Fe-Al-X ternary alloy compositions produced as alloy powder by

the PREP process are listed in Table II. The final chemistries of the ingot

castings used to produce powders are listed in Table III in terms of both

weight and atomic percentages. Alloy Fe1 MnAl was off-chemistry as

originally cast and a second ingot with the correct chemistry was cast. The

castings were machined into stick electrodes for PREP atomization,

At Nuclear Metals, Inc., powder was produced in the short rod rig. Prior

to the start of the powder making campaign, the rig was thoroughly cleaned to

eliminate the possibility of particle cross-alloy contamination. The twelve

alloys listed in Table III were processed sequentially, with chamber cleaning

between runs consisting of sweeping and suction cleaning. The chamber was

under helium during the PREP runs, but it was exposed to filtered room air

during cleaning. Powder was collected in two manners for each run: first,

powder was collected in gallon-sized plastic containers while the run was in

progress; dnd second, powder collected during chamber sweeping was bagged in

plastic. The former type of powder was sealed under argon, while the latter

was exposed to air and possibly contaminated during sweeping and bagging by

other alloy powder particles from the previous Fe3 Al alloy runs. The powder

yields were low for these alloys, with the Ti-, Si- and V-containing alloys

producing chunks as well as powder. The chunks were actually pieces of PREP

electrode that broke off due to poor resistance to thermal shock. Grain

boundary crdcking was evident on mdny of the stub ends remaining after PREP.

Sooting (creation of ultrafine dust) was evident in most alloys, with

Fe7 0 Mn5A'2 5 alloy causmng heavy sooting due to severe casting porosity. The

products of the PREP atumizatioq are given in Table IV tor these alloys. Due

13
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TABLE IliTASK I -FE-AL-X ALLOYS

1. Fe Ti Al
65 10 25

3. Fe 65V 10 Al25

4. Fe70Cr Al2

5. Fe 63 Mn12 Al25

6. Fe65N11 Al2

7. Fe 70Cu 10 Al20

8. Fe73Nb Al2

9. Fe 70 Nb5 A125

10. Fe72M0MAl

11. Fe 69 Mo 6Al25

12. Fe 74 Ta IAl25

14



TABLE III

CHEMICAL COMPOSITION OF TASK I - FE-AL-X ALLOY CASTINGS

Weight Percentage Atomic Percentage

Alloy-Aim Fe Al X Fe Al X

1. Fe65TiloAl25 75.8 13.73 10.20 65.28 24.48 10.24

2. Fe75 SiloAl15 85.8 8.51 5.45 75.10 15.42 9.49

3. Fe6 5 Vo Al 76.0 14.01 9.84 65.64 25.05 9.32
6 0 25

4. Fe7 0 CrsA12 5  81.2 13.51 5.04 70.87 24.41 4.72

5. Fe63 12A 25  80.1 14.19 5.40 69.68 25.55 4.78

63 12 255a. Fe 63Mn 12 Al25 72.5 13.63 13.91 63.14 24.58 12.28

6. Fe65 NiA12 5  74.3 13.75 11.74 65.22 24.98 9.80

7. Fe7oCu iAl20 77.2 10.65 11.89 70.38 20.10 9.53

8. Fe73Nb2Al25  83.2 13.46 3.10 73.68 24.67 1.65

9. Fe70Nb5A125  78.6 13.13 8.04 71.06 24.57 4.37

10. Fe2M°3Al 80.6 13.33 5.80 72.24 24.73 3.03

11. Fe69Mo6 A25 75.1 13.16 11.54 68.86 24.98 6.16

12. Fe7 4 Ta A12 5  83.5 13.21 3.08 74.69 24.46 0.85

15
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TABLE IV

PRODUCTS OF PREP POWDER MAKING OF TASK I - FE-AL-X ALLOYS

Weight of Weight of Weight of Weight of

Alloy Powder Sweep Powder Chunks Stub Ends

1. Fe65Ti10A125  2.16 kg 0.07 kg 2.27 kg 2.84 kg

2. Fe7 5 Si1 0 A115  3.75 kg 0.23 kg 2.16 kg 2.27 kg

3. Fe65V10Al25  2.27 kg 0.23 kg 1.59 kg 1.27 kg

4. Fe70 Cr5 AI2 5  6.36 kg 0.11 kg - 2.61 kg
5. Fe63 Mn12 A125  3.30 kg 0.11 kg - 2.05 kg

5a. Fe6 3 M12 A12 5  5.45 kg - 2.50 kg

6. Fe6 5 NiloAl 2 5  4.55 kg 0.34 kg 0.68 kg 2.84 kg

7. Fe7oCuloAI 20  5.91 kg 0.45 kg 0.05 kg 2.84 kg

8. Fe73Nb2A125  5.80 kg 0.34 kg - 2.73 kg

9. Fe70Nb5A125  5.57 kg 0.34 kg 0.17 kg 3.18 kg

10. Fe72Mo3A12 5  5.11 kg 0.34 kg 0.05 kg 3.30 kg

11. Fe69M06A125  5.68 kg 0.51 kg 0.11 kg 2.50 kg

12. Fe74 Ta1A125  5.80 kg 0.34 kg - 2.95 kg

16
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to the low powder yield, it was decided to use these powders to fulfill the

requirements for the Task II - Alloy Development Studies portion of the

program.

Samples of the alloy powders were submitted for metallographic

examination. Photomicrographs of selected alloys are shown in Figures 6 and

7. Porosity was evident in all alloy powders, both as large centrally located

voids as well as finely dispersed interdendritic porosity. Examples of this

porosity are shown in Figure 6 for the Fe6 5V1 0 Al2 5 alloy. The alloys

exhibiting a single phase structure included #1(Ti-10 a/o), #2(Si-10 a/o),

#3(V-10 a/o), #4(Cr-5 a/o),#5( Mn-12 a/o), #6(Ni-10 a/o), #7(Cu-10 a/o),

#8(Nb-2 a/o), #10(Mo-3 a/o)and #11(Mo-6 a/o). An example of a typical single

phase structure is shown in Figure 6, for the 10 a/o V alloy. A second phase

was exhibited in the #9(Nb-5 a/o) and #12(Ta-I a/o) alloys. An example of

this structure is shown in Figure 7 for the 5 a/o Nb alloy.

17
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4.0 Task II - ALLOY DEVELOPMENT STUDIES

The objective of this task was to characterize the effects of ternary and
quaternary alloy additions on Fe Al . This was accomplished through a

screening evaluation of two experimental series of alloys which involved 21

*compositions (including the Fe Al as a baseline composition) in the first

series and an additional 15 compositions in the second series. AS a result of

*these efforts, an alloy composition was selected for more complete evaluation

in the Alloy Characterization portion of this task.

4.1 Series I Alloys

For the Series I effort, twenty one alloy compositions (including the

F3Albaseline alloy) were produced in powder form and consolidated b)> ot

extrusion. Some of these alloys were blends of PREP powder with gas atomized

FAl, all produced during thc Task I portion of this program and some were
solely prealloyed PREP powder. In general, alloy compositions with slow

* diffusing species, such as Nb, Ta, and Mo, were produced as prealloys.
Screening evaluations included mechanical properties characterization,

* oxidation testing and workability testing.

4.1.1 Alloy Selection

Fe Al is characterized by a sharp decrease in strength at elevated
*temperatures. This is due to a phase transformation occurring at a critical

0
*temperature Tc-540 C(1000 F), during which the DO 3 order is lost. One goal of

the alloy design is to increase elevated temperature strength. This may be

*achieved by increasing Tc through the addition of alloying elements. To

examine the alloying effects on Fe Al , transition metals were utilized in the
design of the Series I alloys. Elements from Ti through Ni , Zr, Nb, Mo and W

substitute for Fe in the Fe 3Al lattice without disrupting the 00 3 order,

* although the solubility limits are not knowni in all cases. Elements Cu, Ge,

and Si substitute for Al atoms in the D03 lattice, with Cu and Ge having

*limited solubility, and Si being completely soluble. On the basis of this

general rationale, the Series I alloy compositions listed in Table V were

* designed with the goal in mind to increase Tc in order to improve elevated

20



TABLE V

TASK If/SERIES I ALLOYS

Alloy Composition Method

I-I Fe74 Ti 1A125 Blended Fe3Al and PREP Alloy

1-2 Fe70Ti5Al25  Blended Fe3AI and PREP Alloy

1-3 Fe70V5A125  Blended Fe3AI and PREP Alloy

1-4 Fe6 5V1 oA] 25  Prealloyed PREP Powder

1-5 Fe74 Cr 1Al2 5  Blended Fe3A] and PREP Alloy

1-6 Fe70Cr5A125  Prealloyed PREP Powder

I-7 Fe 69Mn 6 Al25 Prealloyed PREP Powder

1-8 Fe6 3 Mn12 Al25 Prealloyed PREP Powder

1-9 Fe7 2Ni3Al
2 5  Blended Fe3Al and PREP Alloy

1-10 Fe6 5 Ni 10 A12 5  Prealloyed PREP Powder

1-11 Fe73Nb2AI25  Prealloyed PREP Powder

1-12 Fe7 0 Nb5 A12 5  Prealloyed PREP Powder

1-13 Fe72 Mo3 Ai2 5  Prealloyed PREP Powder

1-14 Fe6 9 Mo6 AI2 5  Prealloyed PREP Powder

1-15 Fe7Ta 1 A12 5  Prealloyed PREP Powder

1-16 Fe7 0 Ta5 A12 5  Prealloyed PREP Powder

1-17 Fe, 2Cu5A123  Blended Fe3Al and PREP Alloy

1-18 Fe70Cu10A120  Prealloyed PREP Powder

1-19 Fe7 5 Si 3 Al2 2  Blended Fe3Al and PREP Alloy

I-2U Fe75Si 5 AI2 0  Blended Fe3Al and PREP Alloy

Baseline Fe3AI Gas Atomized Powder

21



temperature strength retention. As part of this evaluation, it was recognized

that the assessment should include the rate and amount of Tc increase as well

as a definition of solubility limits and the effects of possible precipitation

from solid solution.

The three alloy categories included in the design were:

1) Fe3 x Tx Al , where the transition metal substitutes for Fe to maintain

DO3 order.

2) Fe 3 TxAl 1 x , where the non-transition metal substitutes for both Fe

and Al to maintain the DO3 order.

3) Fe 3 xTx(AlSi), where Si substitutes for Al at all Si levels and the

transition metal substitutes for Fe to maintain the DO3 ordered

structure.

Certain of the Series I alloys were designed as prealloyed compositions

while others were designed as blends of prealloyed Task I compositions with
inert gas atomized Fe3 Al . The selection was made on the basis of overall

*economics regarding the atomization of this large a number of experimental

compositions.

4.1.2 Material Procurement/Processing

4.1.2.1 Powder Atomization

The twelve alloys from the Task I portion of this program served as

master alloys for certain of the Task II Series I compositions. Additional

heats of alloys (Mn-6 a/o and Ta-5 a/o) were melted and cast to make up the

remainder of the Series I alloys. These alloys were cast into rod shapes

approximately 55 mm (2 inches) in diameter and approximately 150 fmm (6 inches)

long. These castings were centerless ground and processed into spherical

powder by the PREP process employing procedures described previously in

Section 3.2. Metallographic analyses conducted on these powders revealed

characteristics similar to those of the Task I alloys. Certain of these

22



characteristics will be discussed in the following section on Hot Extrusion

Consolidation as pertaining specifically to various characteristics observed

in the as-extruded structures. For the blended compositions, appropriate

powders were blended, using -200 mesh Fe3 Al and -40 mesh PREP master alloy

powder. For the completely prealloyed compositions, the PREP powders were

sieved to remove the +40 mesh fraction prior to use. All sieving and blending

was performed in a glove box under a protective argon atmosphere.

4.1.2.2 Hot Extrusion Consolidation

Consol idation of the twenty one Series I alloys was accomplished by hot

extrusion. Mild steel tubing with an outer diameter of 6.6 cm (2.6 inches)

and an inner diameter of 3.3 cm (1.3 inches) was procured and sectioned into

13.2 cm (5.2 inch) lengths for extrusion cans. The thick wall served to

contain the alloy powders. Nose and tail pieces were machined from mild steel

bar stock, with an evacuation port being drilled through the center of the

nose. Tail pieces were welded onto the thick wall tube prior to powder

filling.

Based on input from the AFWAL project engineer, a stainless steel foil

liner was inserted into each extrusion container before powder filling. The

liner was coated on the outside with magnesia to prevent bonding of the mild

steel to the stainless steel. In this manner, excessive tensile stresses

induced by cooling due to thermal expansion differences between mild steel and

the aIloy powders were avoided. A schematic diagram of the extrusion can

configuration is shown in Figure 8.

The filled containers were hot degassed and sealed by electron-beam

welding of the evacuation hole. The chamber of the electron-beam welder was
0 0

equipped with a furnace to heat the extrusion cans to 400 C (752°F) while the

chamber was being evacuated. Once the temperature and a vacuum of 10-4 torr

were stabilized, the container was sealed. In general, the outgassing rate

began to exceed the evacuation rate at a temperature of approximately 260°C

(500°F).

23
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The extrusion conditions were:

o Preheat extrusion billet at 1120 0 C (2050°F) for 90 minutes

o Preheat extrusion press container and die 400 0C (752°F)

o Extrude through a nominal 1.7 cm (0.70 inch) diameter conical die
(extrusion reduction ratio- 16:1)

o Cool extruded rod in sand until black

o Remove extrusion from sand and air cool to room temperature

The extrusion billets were spray coated with a MgO lubricant prior to

preheating. With the exception of the 10 a/o V alloy, the extrusion campaign

proceeded without incident. A slight pinging sound was heard during cooling

after the extrusion operation, indicating the possibility of cracking. This

was confirmed during subsequent metallographic examination of the extrusions.

The chemical analyses of the twenty one Series I alloys are presented in

Table VI, which includes the aim chemistry for comparison purposes. An error

was discovered in the blending of the powders for several of the alloys and in

the extrusion can loading for several of the alloys. These errors resulted in

a number of quaternary, instead of ternary alloys. This occurred for alloys

1-6 (Cr-5 a/o), 1-13 (Mo-3 a/o), 1-19 (Si-3 a/o) and 1-20 (Si-5 a/o). In

addition to this, several other ternary alloys were found to be off chemistry

with respect to the desired composition. In particular, Alloys 1-5 (Cr-1 a/o)

and 1-14 (Mo-6 a/o) were found to contain less than the intended alloy

addition. Preparation of all of these particular alloys was not repeated

because it was felt that meaningful information could be derived from these

compositions which could be applied to the subsequent Series II alloys.

The initial metallographic analysis conducted on the extruded alloys

revealed the presence of particles which appeared to be non-metallic

inclusions. The blended alloys, which contained gas-atomized Fe3Al powder, in

particular, contained large numbers of these particles. Interstitial content

analyses were conducted to aid in the possible identification of these

constituents and the results are shown in Table VII. The values, however,

were somewhat lower than had been anticipated on the basis of the apparent

high volume fraction of particles appearing throughout the microstructure. It

25
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TABLE VI

CHEMICAL COMPOSITION OF TASK ,I/SERIES I ALLOY EXTRUSIONS

Weight Percentage Atomic Percentage
Alloy Aim Fe A] X y Fe A] X Y

I-1 Fe74TilAI25 85.4 13.74 0.50Ti 74.63 24.86 0.51Ti

1-2 Fe70 Ti5Al2 5  81.2 13.63 5.15Ti 70.34 24.44 5.21Ti

1-3 Fe7oV5A12 5  80.0 13.70 6.08V 69.55 24.66 5.78V

1-4 Fe65V10 Al25  73.2 13.60 13.12V 63.25 24.32 12.43V

I-5 Fe7 4 Cr1A12 5  86.2 12.76 0.49Cr 76.19 23.35 0.47Cr

1-6 Fe70 Cr5 A125  83.0 13.05 3.51Cr 0.47Mo 72.76 23.70 3.31Cr 0.24Mo

1-7 Fe6Mn A] 79.5 14.40 6.02Mn 68.87 25.82 5.3OMn
e69M 6 25

1-8 Fe6 3t 12A125  72.6 13.08 14.26Mn 63.59 23.72 12.7OMn

1-9 Fe72Ni3Al25  82.0 13.74 3.98Ni 71.79 24.90 3.31Ni

1-10 Fe65Ni10Al25  74.6 12.90 12.47Ni 65.92 23.60 10.48Ni

1-11 Fe73Nb2A]25  83.2 12.82 3.92Nb 74.22 23.67 2.ONb

1-12 Fe70Nb5A125  78.2 12.45 9.29Nb 71.38 23.52 5.1ONb

1-13 Fe72Mo3A125  82.5 14.78 0.58Mo 2.12Cr 71.30 26.44 0.29Mo 1.97Cr

1-14 Fe69Mo6A]25  81.1 12.75 4.39Mo 73.69 23.98 2.32Mo

1-15 Fe74 Ta1Al2 5  84.3 12.87 2.68Ta 75.42 23.84 0.74Ta

1-16 Fe70Ta5A125  69.1 11.74 19.02Ta 69.61 24.48 5.91Ta

1-17 Fe72Cu5Al23  81.9 11.74 6.33Cu 73.28 21.74 4.98Cu

1-18 Fe7oCuloAl20  77.8 10.03 12.09Cu 71.25 19.02 9.73Cu

1-19 Fe75Si3A122  86.3 11.96 1.36Si 0.21Cr 75.71 21.72 2.37Si 0.20Cr

1-20 Fe7 5 Si 5 Al2 0  85.9 11.10 2.14Si 0.53Cr 75.55 20.21 3.74Si 0.50Cr

Baseline Fe3Al 87.0 12.86 - 76.57 23.43 -

26
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TASK VI I

INTERSTITIAL CONTENT OF TASK II/SERIES I ALLOY EXTRUSIONS

Carbon Oxygen Nitrogen
Alloy Composition (ppm) (pL) (ppm)

I-i Fe74Ti A125 120 420 13

1-2 Fe70Ti 5A]25  130 300 5

1-3 Fe70V5A125  290 250 13

1-4 Fe65V10A]25  <100 140 16

1-5 Fe74 Cr 1Al 25  <100 270 11

1-6 Fe7 0 Cr5A125  <100 75 <5

1-7 Fe6 9 Mn6 A125  <100 <5 <5

1-8 Fe6 3 Mn 12Al25 100 130 13

1-9 Fe72 Ni 3 A12 5  110 160 12

I -10 Fe65 Ni 0 A12 5  <100 28 5

1-11 Fe73 Nb2Al2 5  <100 49 5

1-12 Fe7 Nb5 A12 5  <100 160 7

1-13 Fe72 M°3 Al2 5  <100 60 <5

1-14 Fe6 9Mo6 A12 5  <100 62 <5

1-15 Fe Ta Al <100 130 32
74 1 25

1-16 Fe7oTa 5 A12 5  <100 58 6

1-17 Fe72Cu5A123  <100 320 140

1-18 Fe7 oCuloA120  <100 82 <5

1-19 Fe7 5Si 3Al 22  100 300 11

1-20 Fe75Si5A 20  <00 160 11

Baseline Fe 3A 170 120 11

3U
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is believed that the inclusions may be principally alumina, which is an

extremely stable compound and may not be entirely reduced by the method of

analysis, a gas fusion technique using a Leeco Determinator, used for this

evaluation.

The as-extruded microstructure of baseline Fe3 Al (transverse section) is

shown in Figure 9. This structure is characterized by an equiaxed ASTM 5-6

grain size as well as the presence of large numbers of non-metallic inclusions.

Both of the Ti-containing alloys were prepared by blending, which

resulted in a non-homogeneous microstructure. An example of this structure is

shown in Figure 10 (transverse section) for the 5 a/o Ti alloy. This degree

of non-homogeneity suggests the need for subsequent homogenization heat

treatments.

The microstructures of the two V-containing alloys are shown in Figures

11 and 12. The 5 a/o V alloy (Figure 11) was produced by blending and

exhibits a non-homogenous microstructure, suggesting the need for subsequent

homogenization heat treatments. A large number of non-metallic inclusions are

also evident in this microstructure. The 10 a/o V alloy (Figure 12) was a

prealloyed powder and suffered severe cracking during cool down from the

extrusion temperature, despite the MgO coating. As shown in Figure 12, this

cracking was predominantly intergranular in nature.

The Cr-containing alloys displayed unique features upon metallographic

examination. In addition to the presence of non-metallic inclusions, regions

of light-etching, ghost-like areas were revealed in the structure of the

blended 1 a/o Cr alloy, Figure 13. These regions of apparent non-homogeneity

did not inhibit the formation of recrystallized grains upon extrusion, as

grain boundaries can be observed to continue through the light-etching areas.

Furthermore, these light-etching areas are present in the prealloyed 5 a/o Cr

alloy, again with grain boundaries being discernable through the areas, Figure

14. The SEM micrograph in Figure 14 indicates that these areas stand above

the well etched matrix. Energy dispersive X-ray analysis suggests that these

areas may be Cr-depleted.
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Fiyure 9. Liyht photos of as-extruded Fe Al baseline alloy (transverse
section) showiny presence of n~n-metallic inclusions.
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Figure 10. Light photos ot as-extruded Ti-5 a/o (Alloy 1-2) powder blend
(transverse section) showing presence of non-metallic inclusions.
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500X

Figure 11. Light photos of as-extruded V-5 a/o (Alloy i-3) powder blend

(transverse section) showing presence or non-metallic inclusions
? and non-homogeneous structure.
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Figure 12. Light (100X Magnification) anu SEM (2UUX, 50OX MdyniflCdtlon)
photos Of as-extruded V-10 d/o (Alloy 1-4) Pr'ealloyed powder
(transverse section) showing predmiinantiy interyranular cracking.
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Figure 13 (a 6 b). Light photos of as-extruded Cr-i a/o (Alloy 1-5) powder
blend (transverse section) showing presence of non-metallic
inclusions and non-homogeneous etching structure.
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200X

- Figure 13 (c). SEM photo of as-extruded Cr-i a/o (Alloy 1-5) powder blend
(transverse section) showing overlapping of continuous grain
boundaries by non-homogeneous etching structure.
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Figure 14 (a a b). Light photos of as-extruded Cr-5 a/o (Alloy I-b) prealloyed
powder (transverse section) showing presence of
non-metallic inclusions and non-homogeneous etching
structure.
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Both of the Mn-containing alloys were prepared as prealloyed powders.

The general characteristics of both extruded microstructures were similar,

with each exhibiting an equiaxed grain size with non-metallic inclusions both

within the matrix and decorating prior powder particle boundaries. An example

of the typical structure is shown in Figure 15 (transverse section) for the 6

a/o alloy. The grain size of the higher Mn-alloy was finer than that of the

low Mn-alloy (ASTM 5 vs. ASTM 4-5) and the matrix appeared to contain fewer

non-metallic inclusions. The distribution of these non-metallic inclusions

appeared to be a function of the dendritic solidification of the PREP powder.

The 3 a/o Ni alloy was prepared as a blend and the as-extruded structure,

shown in Figure 16, indicates considerable non-homogeneity and suggests the

need for post-extrusion homogenization heat treatments. The 10 a/o Ni alloy

was prepared as a prealloyed powder and the as-extruded structure, shown in

Figure 17, displays an equiaxed ASTM 6 grain size, with a non-metallic

inclusion decoration on the prior powder particle boundaries.

Metallographic analysis of both the Nb-containing alloys revealed that

the as-extruded microstructures were characterized by a uniform second phase
precipitate. The as-extruded structure of the 2 a/o Nb alloy is shown in

Figure 18. Because the low solid solubility of Nb in Fe3 Al resulted in the

formation of fine precipitates in the extruded structure, it was of interest

to determine whether these particles were present in the PREP powder. As

shown in Figure 19, light metallography was unable to resolve the presence of

any second phases in the powder. SEM analysis, however, revealed the presence

of second phase particles measuring at maximum approximately 2 microns in

length and 0.5 microns in width. Figure 20 indicates that these particles

were observed both within the grain boundaries as well as within the

interdentritic regions of the grains themselves. EDAX analysis indicated that

these particles were rich in Nb.

Examination of the as-extruded 5 a/o Nb alloy indicated that the

extrusion operation modified the morphology of the second phase precipitates

observed in the PREP powder. An exa, e of the as-extruded microstructure is

shown in Figure 21. Comparison of this structure with that shown in Figure 22

for the PREP powder reveals that the film type morphology evident in the PREP
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100 X

500X

Figure 18. Light photos Of ds-extruded Nb-2 a/o (Alloy 1-11) prealloyed
powder (transverse section) showing presence of second phase
precipltdte particles.
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(a) 10OX

(b) 500X

Figure 19. Light photos of PREPF Nb-? a/o (Alloy -1) power.
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(a) 2000X Magnification

(b) 5000X Magnification

Figure 20. SEM photos of PREP Nb-2 a/o (Alloy 1-11) power showing presence

of second phase precipitat~e particles in 9rain boundary and

interdendritic regions.
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(a) SEM! Photo at 1000X Magnification

(b) F.)AX Analysis of Matrix Region (U') FI1A \\..\nalysis of Precipitate

Fg~ure 21 . SEM and ED)AX photos ot a s-ex trided Nob a/O (Alloy 1-12) prea 11oyed
powder ( transverse, srct Ion) .
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(a) 2000X Magnification

(b) 5000X Magnification

Figure 22. SEM photos of PREP Nb-5 a/o (Allouy 1-12) powder showing presence '

of second phd se precipi tdte particles anid cunt in IJUs ti 1 ls.



powder was modified to a discrete particle type morphology during extrusion.

The discrete particles (1-3 microns in diameter) are uniformly distributed and

are quite high in Nb, as shown by the EDAX analysis also included in Figure

21. Analysis of the dark appearing microconstituent in Figure 21a indicated

this to be a region of microporosity filled with mounting compound. The

presence of the Nb rich particles suggests that this alloy could potentially

be strengthened by precipitation hardening.

The two Mo-containing alloys were produced as prealloys and exhibited

significantly different microstructures. The structure of the 3 a/o Mo alloy,

shown in Figure 23, exhibited a highly non-uniform attack during etching,

indicating chemical inhomogeneity. The presence of Cr was observed, as was

established by the chemical analyses reported in Table VI. The

microstructural features of this alloy are similar in respects to those

observed in the 5 a/o Cr alloy, shown previously in Figure 14. This may

reflect the fact that the 3 a/o Mo alloy is, in fact, a quaternary, with only

0.3 a/o Mo and 2 a/o Cr. The 6 a/o Mo alloy, shown in Figure 24, exhibited a

homogeneous structure, with an equiaxed ASTM 4 grain size.

Analysis of the Ta-containing alloys indicated that the solubility limit

was exceeded by increasing the Ta level from 1 a/o to 5 a/o. The as-extruded

microstructure of the 1 a/o Ta alloy, shown in Figure 25, exhibits a

particle-free matrix, with considerable evidence of prior powder particle

decoration. Analysis of the as-extruded microstructure of the 5 a/o Ta alloy

indicated that similar to the 5 a/o Nb alloy, a change occurred in the second

phase particle morphology during extrusion of the PREP powder. Specifically,

the film type morphology changed to a discrete type morphology. As shown in

Figure 26, however, the 5 a/o Ta alloy exhibited a duplex type of structure.

This included the discrete type particles as well as the larger irregularly

shaped particles which were retained from the PREP powder shown in Figure 27.

EDAX confirmed that both types of precipitates were rich in Ta, with a

somewhat higher concentration in the larger particles. The shape of the large

particles suggests that they were retained from the cast structure of the

master metal ingot electrodes used for the PREP process. It would seem

unlikely that modification of the extrusion parameters would be effective in

altering the morphology of these larger particles.
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Figure 23. Light (IOOX Magnification) and SEM (200X Magnification) photos of
as-extruded Mo-3 a/o (Alloy 1-13) prealloyed powder showing
presence of non-homogeneous etching structure.
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(c) (b)

(d).

(a) ENIPhot atIOOO Manifiato

(b) DAXAnalsis(C) ' 1 A nalvis f F DA Anav-,s o

Figure 26.(a SEM Ph DX htsot aetr~e OOOX MagnifiAton -1)pea o

powder (transverse sect ion) .
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Analysis of the Cu-containing alloys indicated that both alloys exhibited

an equiaxed grain size of approximately ASTM 6-7. The 5 a/o Cu alloy was free

of second phase particles. The 10 a/o Cu alloy, however, exhibited a fine

dispersion of a second phase as well as a film along the grain boundaries,

Figure 28. As shown in the high magnification SEM photo in Figure 29a, the

grain boundary regions exhibited a film type precipitate as well as a

precipitate free zone adjacent to the grain boundary. EDAX analysis was

conducted on this structure and the results are also presented in Figure 29.

Analysis of the grain interior (including the matrix and fine precipitates)

compared to the precipitate free zone suggested a slight depletion of Cu in

the precipitate free zone. The grain boundary film appeared to oe enriched in

Cu compared to the precipitate free zone, but was approximately comparable to

the Cu content in the grain interior.

Both of the Si-containing alloys were prepared as blends and both

exhibited similar microstructures in the as-extruded condition. An example of

this structure for the 3 a/o Si alloy is shown in Figure 30. This alloy

exhibited an equiaxed ASTM 5 grain size and a dispersion of non-metdllic

inclusion particles.

4.1.2.3 Summary of SRL Studies

TRW was teamed with Systems Research Laboratories, Inc. (SRL) on this

program with SRL responsible for in-depth metallographic characterization of

alloys under study. The SRL efforts are presented in detail in Appendix I. A

summary of their findings is presented in this section and includes

homogenization studies, a screening of the DO3-B2 transition temperatures (Tc)

for the various alloys as well as a characterization of the precipitation

behavior of the Nb containing alloys.

Homogenization of selected blended alloys (5 a/o Ti, 3 a/o Ni), and the
prealloyed 3 a/o Mo alloy, which was also found to contain Cr, was achieved

via a 11000 C (2012 0 F) hold for 168 hours (I week). Chemical homogeneity was

confirmed and abnormal grain growth was not observed in the alloys tested.
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(a) 10OX

(b) 50OX

*Figure 28. Light photos of as-extruded Cu-lU a/o (Ahloy 1-18) prealloyed
powder (tran sver se sect ion) .
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(a) SEV Photo at 5000X Magnification

(b) FL)A. Analysis of (c) FI)AX Analysis of (d) EDAX Analysis of
r.i ntro Precipitate Free Zone Grain !3oundarv Film

H ujure 29 . SEM drid EU/AX photos ot ds-extrudjed Cti-lu d/a ( lay 1-18)
Ipredilulyed powder ( trdirisverse section).
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Figure 30. Light photos of as-extruded Si-3 a/o (Alloy 1-19) power blend
(transverse section) showing presence of non-metallic inlclusions.
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Studies were conducted to establish the effect of the additions on the

transition temperature of the Fe 3 Al baseline alloy. These efforts included a

determination of whether Tc was higher or lower than 6000 C (11120F) and, in

cases where Tc was higher, to determine the approximate temperature range

- within which Tc might fall. The results indicated that a number of additions

increase Tc above 600 0 C (1112 0 F). Tc increases were observed for the 5 a/o Ti

-" alloy, the 5 a/o Cr alloy, the 6 a/o Mn alloy, the 12 a/o Mn alloy, the 10 a/o

Ni alloy, the 3 a/o Mo alloy, the 3 a/o Si alloy and the 5 a/o Si alloy. The

* greatest increase in Tc was observed in the 5 a/o Si alloy, with the Tc

falling within the range 700-725°C (1292-1337°F) for this alloy. There was

little correlation, however, between 600 C (11120F) tensile strength and

changes in Tc values. This suggested that factors other than the

stabilization of the DO3  phase to a higher temperature control high

temperature strength in these alloys.

Characterization of the precipitation behavior of the Nb containing

alloys indicated that these systems offer potential for increased strength at

elevated temperature compared to the Fe3 Al baseline alloy. The strength

increase was thought to be associated with the precipitation of a uniform

distribution of coherent second phase particles. This phase was metastable

with respect to the equilibrium phase having a chemistry Fe5 6 A11 9 Nb2 5 . The

equilibrium phase was found to be isostructural with the known Fe2 Nb phase.

While the limit of thermal stability for this phase was not established, there
does appear to be significant potential to exploit this phase for significant

strength improvements in these alloy systems.

4.1.2.4 Homogenization Studies

As shown in Table V, eight of the twenty-one Series I alloy compositions

were prepared by a powder blending approach in which prealloyed powder was

mixed with gas atomized Fe3AI to produce the desired compositions. Due to the
nature of the hot extrusion consolidation operation, the bar stock was cooled

too rapidly to achieve satisfactory elemental diffusion and, hence, there was

insufficient homogenization of the alloying additions. Homogenization heat
treatments were, thus, investigated for the blended alloys. In addition to

the blended alloys, homogenization was also applied to the 5 d/o Cr and 3 a/0
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Mo prealloyed compositions, because of inadvertent mixing during extrusion
billet cann ing resul ting in the non-homogeneous structures discussed

previously in Section 4.1.2.2. The objective of the homogenization studies
was to develop heat treatments resulting in microstructures suitable for the
subsequent alloy evaluations.

On the basis of studies conducted at SRL, the initial homogenization
efforts included heat treatments in argon at 1100 0C (2012()F) for 168 hours

-(1 week) followed by cooling in air. These treatments were conducted on
several selected alloy compositions. Examination of these specimens after the

p homogenization treatment indicated that a satisfactory distribution of the
alloying elements was achieved. This was determined from the results of EDAX

analyses conducted at various locations in different grains across the cross
section of specimens prepared from the heat treated material.

In spite of this success in achieving homogenization, certain
microstructural features observed in the heat treated material suggested that
1100 0C (2012 0F)/168 hours may not be a desirable homogenization treatment.
These features included the occurrence of abnormal grain growth resulting in a

* relatively small numnber of very large (up to 3000 microns) grains throughout
*the microstructure. An example of this type of structure is shown in
-Figure 31 for the 5 a/o Cr alloy. it was anticipated that this large a grain

size would not offer attractive strength properties. Another feature also
shown in this figure is the occurrence of porosity in the structure. this is

*thought to be thermally induced porosity (tip) which is caused by the
*coalescence of residual inert gases which are present in hollow powder

particles as well as absorbed on particle surfaces, while the exact effects

of tip upon the strength properties of Fe 3al alloys is not well documnented, it
* was thought desirable to maintain as low a tip level as possible in these

structures consistent with adequate homogenization.

Because of these results, subsequent studies were conducted at lower
temperatures in order to achieve satisfactory homogenization, but eliminate
the condition of abnormal grain growth and minimize the occurrence of tip in
the microstructure. for this work, the 1 a/o cr and the 3 a/o ni alloys were
given a 168 hour (1 week) treatment at 1000 0C (1832 0F) in argon, followed by

cooling in air.
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Figure 31. Light photo of Gr-05 a/o (Alloy 1-6) prealloyed powder homogenized
168 Hours at 1100 C (2012 F). 10OX Magnification.
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EDAX analyses of these alloys indicated that the 1000°C (1832F)

treatment was successful in homogenizing the elemental distribution tnroughout

the microstructure. This was established by analysis at various locations in

different grains throughout the cross section of the specimens.

Microstructural analysis indicated that the alloys homogenized at 10000 C

(18320F) did not exhibit excessive grain growth during the treatment. An

example of this is shown for the 1 a/o Cr alloy in Figure 32, which displays

an equiaxed grain size of approximately ASTM 4-7 (average size of 50 microns).

this is essentially unchanged from that exhibited in the as-extruded material.

tip was observed in both alloys, but was reduced in both pore size and volume

fraction with respect to that observed after the higher temperature heat

treatment.

Samples of each blended alloy were then exposed to 1000°c (1832 f) for

one week and examined for chemical homogeneity using Electron Dispersive

Spectroscopy (EDS). These included the blends of prealloyed powder with argon

atomized Fe3 Al and the accidental blends of prealloyed Cr/Mo containing

powders. All of the alloys, except the 3 a/o Ni composition, were show to be

homogenized. This evaluation included analysis of a minimum of five different

grains, along an arbitrary line through a polished metallographic specimen and

comparison of the height of characteristic X-ray peaks of the alloying

elements. Light metallographic analysis indicated that the average

as-extruded grain size and grain size distribution were not measurably altered

by this heat treatment. Thermally induced pores observed in the as-polished

surfaces were generally less than 25 microns in diameter. This lack of

abnormal grain growth and excessive TIP, as compared to homogenized samples at

11000C (2012°F), suggested that the alloys were acceptable for subsequent

evaluations.

The 3 a/o Ni alloy still exhibited significant chemical inhomogeneity

with respect to nickel after the I0OOuC (1832 0F)/one week thermal treatment.

An additional heat treatment was, therefore, investigated, including an

exposure at 1050 0 C (1922 0 F) for one week. EDS analysis indicated that this

heat treatment produced sufficient chemical homogeneity without causing TIP or

abnormal grain growth.
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(a) 10OX Magnification

(b) 500X Magnification

Figure 32. Light photos of Cr-i a/o (Al loy 1-5) powd~er blend homiogenized 168
Hours at 1000 0C (1832'F)

60



Q W. W

4.1.3 Screening Evaluations

Screening evaluations were conducted on the twenty-one Series I alloys

which included tensile tests, oxidation tests, and workability tests. The

results of these screening evaluations are presented in the following sections.

4.1.3.1 Tensile Test Results

The program objective included the development of alloy modifications

based on Fe3 Al which offer improved room temperature ductility and high
temperature strength compared to the baseline alloy. Tensile screening tests

were performed at room temperature and 6000C (1112 0F). The blended alloys

were homogenized with the appropriate heat treatment, as discussed in Section

* 4.1.2.4, followed by a 24-hour hold at 500 0C (932 0F), recommnended by SRL to
ensure that complete DO 3 ordering was achieved. Prealloys were given only the

ordering heat treatment following extrusion. A schematic diagram of the test

specimen configuration is shown in Figure 33. Single tests were conducted at

* each test temperature and the results which are summarized in Tables VIII and

IX include ultimate tensile strength, 0.2% offset yield strength, percent

elongation and percent reduction of area. These data are plotted in bar graph

form in Figure 34, showing the effect that each alloying addition had upon the

most critical properties of the baseline material. These properties are

elevated temperature yield strength and room temperature yield strength and

ductility. Subsequent to testing, one-half of each specimen was mounted and

examined to aid in the interpretation of the data.

4.1.3.1.1 Fe Al Baseline Alloy3-

The unalloyed Fe3Al baseline material exhibited an ultimate tensile

strength of approximately 894 MPa (129.7 Ksi) and a yield strength of 674 MPa

(97.7 Ksi) with ductility values of less than 8% at room temperature.

Examination of the failed test specimen revealed that there was little
deformation of the grains and that separation occurred primarily along the

*grain boundaries. Some evidence of cracking alonvg slip lines was also

observed. An example of this structure is shown in Figure 35 which displays

the region near the fracture surface at two different magnifications. The
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Figure 33. Schematic Illustration of Tensile Test Specimen Configuration.
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TABLE VIII

ROOM TEMPERATURE TENSILE DATA FOR TASK II/SERIES I ALLOYS

Ultimate Tensile 0.2% Yield
Strength Strength % % Reduction

Alloy Composition (MPa) (Ksi) (MPa) (Ksi) Elongation Area

I-I Fe74 Ti 1A]25  878 127.4 725 105.2 1.4 3.1

1-2 Fe70 Ti5 Al25  785 113.9 736 106.8 0.5 1.8

1-3 Fe70V5A]25  (1)

*1-4 Fe V Al (1)65 10 25

1-5 Fe74Cr1Al25  926 134.3 743 107.7 1.7 3.7

1-6 Fe70 Cr5 Al2 5  638 92.5 261 37.8 4.8 6.2

1-7 Fe Mn6A] (2) 463 67.2 250 36.3 3.4 3.8
69 6 25 (2) 624 90.5 260 37.7 5.2 3.7

I-8 Fe Mn Al2 5  283 41.0 230 33.3 1.9 0.7
63 12 25(2) 46 6.6 46 6.6 - -

1-9 Fe/ 2 Ni3 Al2 5 (2) 494 71.7 494 71.7 0.2 -

1-10 Fe6 5 Ni1 0 A]25  647 93.9 647 93.9 0 0

1-11 Fe73Nb2Al25  1106 160.4 881 127.7 1.7 3.1

* 1-12 Fe70 Nb5Al2 5 (3) 1127 163.5 1049 152.1 - -
(3) 1265 183.4 1052 152.5 0.4 0.6

1-13 Fe72 Mo3 Al25  294 39.8 219 31.8 1.1 2.5

1-14 Fe696Mo6A25 205 29.7 205 29.7 0 0

1-15 Fe74 Ta1 A]2 5  1049 152.1 818 118.7 3.1 5.5

1-16 Fe70Ta5A125  1299 188.4 938 136.1 1.8 3.1

1-17 Fe72Cu5A]23  945 137.1 898 130.3 0.3 1.0

1-18 Fe 70Cu 10A120  985 142.9 840 121.8 12.1 19.5

1-19 Fe7 5Si Pl 2 2 (2) 271 39.3 271 39.3 0.3 -

1-20 Fe75 Si 5A120 (2) 312 45.3 312 45.3 0.1

Baseline Fe3A 894 129.7 674 97.7 4.7 6.7

(1) Alloy Not Tested
(2) Specimer ,iied in Radius
(3) Specimen FaileC in Thredd Section
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TABLE IX

" 600 0C (1112'F) TENSILE DATA FOR TASK II/SERIES I ALLOYS

Ultimate Tensile 0.2% Yield
Strength Strength % % Reduction

Alloy Composition (MPa) (Ksi) (MPa) (Ksi) Elongation Area

1-1 Fe74Ti A125  305 44.2 302 43.8 44.0 72.6

1-2 Fe7 0 Ti5 A12 5  259 37.6 252 36.6 45.2 71.3

1-3 Fe7 0V5 Al25  (1)

1-4 Fe65Vo10 A 25 (1)

1-5 Fe74CrlAl25  359 52.0 354 51.3 42.2 71.6

1-6 Fe70Cr5A125  277 40.1 273 39.6 69.4 93.7

1-7 Fe6 9Mn6A125  330 47.8 263 38.1 64.6 83.3

1-8 Fe63Mn 12 Al25  269 39.0 201 29.2 44.0 65.4

1-9 Fe72Ni 3A125  299 43.4 288 41.8 21.0 34.8

1-10 Fe65Ni10 A 25  529 76.7 395 57.3 12.6 13.2

1-11 Fe73Nb2Al25  508 72.7 419 60.8 38.3 60.6

1-12 Fe7oNb5Al25  523 75.9 434 63.0 39.5 59.1

1-13 Fe72M°3Al25  350 50.7 339 49.2 43.1 88.5

1-14 Fe69 Mo6Al25  471 68.3 364 52.8 4.0 4.4

1-15 Fe7 4 TalA1 2 5  370 53.7 370 53.7 38.3 77.9

1-16 Fe70Ta5A125  476 69.1 453 65.7 31.1 57.5

1-17 Fe72Cu5Al23  171 24.8 171 24.8 0.8 0.7

1-18 Fe7 oCu 1 oAl 20  175 25.4 170 24.6 1.1 3.0

1-19 Fe75Si 3A122  603 87.4 603 87.4 16.1 38.0

1-20 Fe75Si5Al20  582 84.4 531 77.0 13.9 14.5

Baseline Fe Al 215 31.2 211 30.6 69.3 78.9
3

(1) Alloy Not Tested
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effect of the impurity particles in the structure could not be established,

but it was observed that secondary cracking did not appear to be associated

with these particles.

This material exhibited an ultimate tensile strength of 215 MPa (31.2

Ksi), a yield strength of 211 MPa (30.6 Ksi) and ductility values in the range

70-80% at 600 C (11120F) . Extensive deformation of grains was observed near

the fracture surface as well as separation along grain boundaries to form

large void areas. An example of this structure is shown in Figure 36 for

regions near the fracture surface as well as for regions within the specimen

grips. The high elongation and reduction of area values indicated that the

material exhibited high ductility in spite of the presence of non-metallic

inclusion impurities.

In the following sections, discussions are presented relative to the

tensile properties of the other various Series I alloys. All tensile

failures, unless stated otherwise, were similar in appearance to the baseline

Fe3 Al material shown in Figures 35 (room temperature) and 36 (6000 C (11120F)).

4.1.3.1.2 Ti-Containing Alloys

Titanium additions were found to be significantly detrimental to room

temperature ductility and afforded only moderate gains in elevated temperature

strength as compared to the baseline material . The room temperature

elongation was reduced more than three-fold by the 1 a/o Ti addition, and

nearly ten-fold by the 5 a/o Ti addition. Yield strength at 600°C (1112'F)

was increased by 43% in the case of the I a/o Ti addition, and by 20% in the 5

a/o alloy.

4.1.3.1.3 V-Containing Alloys

Tensile testing was not conducted on the two V-contdining alloys. This

decision wds made on the basis of the cracking observed upon extrusion of the

10 a/o V alloy (discussed previously in Section 4.1 .2.2) and its poor

performance during oxidation testing (to be described in Section 4.1.3.2). It

was not thougnt that testing of the lower V-content alloy (5 a/o) would
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(a) Fracture Area

AM

(b) Grip, Area

Figure 36. Light photos of Fe Al failed 600 OC (1112 0F) tensile test specimen
showing structure dear the fracture surfac'e an(] the, y~rip area.
lOOX Magnification.
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provide useful information for the design of the subsequent second series of

alloys.

4.1.3.1.4 Cr and Mo-Containing Alloys

The analysis of the effect of Cr and Mo alloy additions on Fe3 Al was

complicated by the inadvertent mixing of Cr and Mo prealloyed powders prior to

extrusion of Alloys 1-6 and 1-13. As shown in Table VI, chemical analyses of

the extrusions indicated that the compositions of the four Cr and/or Mo alloys

studied were actually:

Alloy 1-5 0.5 a/o Cr

Alloy 1-6 3.31 a/o Cr with 0.24 a/o Mo

Alloy 1-13 1.97 a/o Cr with 0.29 a/o Mo

Alloy 1-14 2.3 a/o Mo

It was assumed that the small amounts of Mo present in alloys 1-6 and

1-13 would have only slight effects upon the tensile properties. The single

alloy which contained only Mo (Alloy 1-14) exhibited a large (73%) increase in

600 C (11120 F) y~eld strength, but had nil ductility at room temperature. Cr,

at the 3.3 a/o level, appeared to be a moderate strengthener (29% increase in
00

yield strength) at 600 C (11120F), while maintaining a room temperature

tensile ductility equivalent to the baseline Fe3Al alloy. Metallographic

examination of failed test specimens revealed that localized abnormal grain

growth occurred in the other Cr plus Mo alloy (Alloy 1-13). As shown in

Figure 37, the grip section of the room temperature tensile specimens

exhibited equiaxed grains of approximately 100 microns in diameter; however,

the microstructure near the fracture surface reveals grains as large as 2000

microns. The presence of only 1-2 grains in the gage section would be

expected to limit ductility and this was, in fact, observed. No cause was

found for the ductility loss shown by the low Cr alloy (Alloy 1-5).

4.1.3.1.5 Mn-Containing Alloys

The room temperature tensile results indicated that Mn additions to the

baseline alloy resulted in the degradation of both strength and ductility
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properties. The degree of degradation increased with an increase in Mn

content. The 600 C (11120F) tensile results indicated that Mn at the 6 a/o

level was more effective in improving the high temperature strenc'h of the

baseline alloy. This alloy exhibited an improvement of approximately 111% in

yield strength compared to unalloyed Fe3 Al and the ductility levels were

comparable. At the higher Mn level, some increase in yield strength was

observed compared to Fe3Al, but to less than one-half the amount seen in the

lower WI alloy. The high temperature ductility values, however, were inferior

to both the low Wi alloy as well as the baseline alloy. Analysis of the failed

test bars revealed microstructural features similar to those presented in

Figures 35 and 36 for the baseline alloy.

4.1.3.1.6 Ni-Containing Alloys

The Ni addition to Fe3Al at the 10 a/o level resulted in some loss in

ultimate tensile strength and an equivalent yield strength compared to the

baseline material at room temperature. There was, however, no measurable

ductility. Examination of the failed test specimen revealed microstructural

features significantly different from those found in the Fe3Al al1o,,. An

example of this structure near the fracture surface is shown in Figure 38. In

particular, the secondary cracking was observed to be primarily transgranular,

compared to the grain boundary separation observed in Fe3 Al at room

temperature, Figure 35.

At 600'C (11120F) the strength values increased significantly compared to

the baseline alloy, with yield strength being double and ultimate strength

being almost triple that of Fe3 Al. Ductility, on the other hand, was

significantly reduced, by approximately 85%, with the 10 a/o Ni addition.

Similar to the room temperature situation, examination of the failed test

specimen revealed microstructural features significantly different from those

found in the baseline alloy. An example of the structure is shown in Figure

39 for regions near the fracture surface as well as for regions within the

specimen grips. Comparison with the structure displayed in Figure 36 for the

Fe 3Al indicates that the grains in the Ni-containing alloy exhibited little

deformation during this high temperature tensile test. The grains near the

fracture surface are similar in shape to those in the grip area and
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(a) IOOX Magnification.

(b) 500 X Vagn ifiiation

Figure 38. Light photos of Ni-lu a/u (Alloy 1-l0) ta ilIed rouom temnperature

tensile test specimen showing structure neadr tre fracture surtace.
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(a) Fracture Area

(b) Grip Area

Figure 39. Light photos of Ni-IU a/o (Alloy 1-10) failed 600L)C (11i2F )

tensile test specimen shuwiny structures near the fracture surfdce
and grip area. 10OX Magnification.
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I

considerable evidence of secondary cracking along grain boundaries wds

observed adjacent to the fracture surface. These results indicate that the

flow stress in the individual Ni alloy grains is much higher than in the Fe3 AI.

The blended Ni-containing alloy, at the 3 a/o level, exhibited behavior

similar to the higher Ni-content alloy. Elevated temperature yield strength

was increased somewhat (37%) over the baseline alloy, but not to the same

degree (87%) of the 10 a/o Ni alloy. Similarly, room temperature ductility

was also drastically reduced at the 3 a/o Ni level.

4.1.3.1.7 Nb-Containinq Alloys

At the 2 a/o Nb level, the room temperature yield strength wd s

approximately 23A higher than the baseline Fe3 A, but the ductility values

were approximately half those of the baseline. While the strength values for

the higher Nb alloy were superior to those of the lower Nb alloy,

interpretation of the data was made difficult by the fact that the higher Nb

specimens failed in the threaded portions of the specimens. This suggests the

possibility of notch sensitivity in this material.

The 600°C (11120F) tensile results indicated little significant

difference in strength properties between the two Nb-containing alloys. Both

the ultimate tensile strength and the yield strength were improved compared to

the baseline, in that both strength values more than doubled. The ductility

values for both alloys were also similar, but were reduced compared to Fe3 Ai.

These alloys exhibited similar tensile properties in spite of the differences

in their microstructures. The lower Nb content alloy exhibited a larger grain

size and less of a volume fraction Nb-rich precipitate distribution than the

higher Nb alloy. An example of the microstructures of these alloys near the

frdcture surfaces is shown in Figure 40. Some grain deformation can he

observed in Figure 40a for the 2 a/o alloy while both alloys exhibited

evidence of separation along the interfaces between the matrix and the

precipitate particles. The similarity in tensile properties suggests that

little contribution to strength was provided by the precipitate phases in the

size and distribution displayed in Figure 40. The strengthening effects in

the Nb alloys can, thus, be attributed principally to solid solution
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failed 600uC (1112 F) tensile test specimens showing structure near
the fracture area. 50OX Magnification.
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strengthening. As was pointed out in the discussion of the SRL results in

Section 4.1.2.3, some potential does exist in these alloys for enhanced

strengthening by heat treating to produce a coherent precipitate phase.

4.1.3.1.8 Ta-Containing Alloys

The room temperature properties indicated that at the 1 a/o Ta level, th(

yield strength was approximately 21% higher than the baseline and t'ie

ductility was comparable to the baseline. The 5 a/o Ta alloy exhibited a

strength increase of about 39% over the baseline, but was approximately half

as ductile.

00
The Ta alloys exhibited the same property trends at 600 C (11120F) as

were observed at room temperature, in that the higher Ta alloy exhibited

higher strength, but lower ductility than the lower Ta alloy. At the higher

Ta level, strengths were more than double those for Fe3Al, but with only

one-half the ductility. Metallographic examination of the high temperature

tensile test specimens indicated that the structure of the low Ta alloy was

similar to that presented in Figure 36 for the baseline alloy, while the

structure for the high Ta alloy was similar to that presented in Figure 40b

for the 5 a/o Nb alloy. The low Ta alloy exhibited no second phase

precipitation, but did exhibit grain deformation near the fracture surface

accompanied by separation along the grain boundaries to form large void areas.

The high Ta alloy exhibited extensive second phase precipitation 3s well as

separation along the interfaces between the matrix and the Ta rich particles,

including the larger particles retained from the powder production process.

Because of the presence of these large particles, there appears to be little

likelihood that significant change in the particle morphology can he achieved

for this particular composition by heat treatment.

4.1.3.1.9 Cu-Containing Alloys

The room temperature tensile properties of the IU a/o Cu alloy exhibited

a 24'% increase in yield strength coupled with a 1501o increase in ductility.

The presence of a film at the grain boundaries and a precipitate free zone

near the grain boundaries are most likely responsible for this large increase
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in ductility. The major effect of the Cu addition at high temperature was a

significant (95%) reduction in ductility. Examination of the failed test

specimen indicated that grains in this alloy exhibited little deformation

ouring testing and that separation occurred along the grain boundaries. An

example of this structure is shown in Figure 41. The presence of the Cu rich

film resulted in premature failure along the grain boundary areas.

The blended 5 a/o Cu alloy exhibited behavior similar to that seen

previously for the prealloyed 10 a/o Cu alloy, with the exception that the

room temperature ductility was significantly inferior to that of both the

baseline as well as the 10 a/o alloy.

4.1.3.1.10 Si-Containing Alloys

The two blended Si-containing alloys exhibited nearly identical tensile

- properties. While Si additions proviaed the greatest strength enhancement at

600 0C (1112 0 F) (nearly a three-fold increase in yield strength compared to

Fe3A), this was accompanied by nil ductility at room temperature for both

alloys.

4.1.3.1.11 Summary of Tensile Test Results

The Series I alloys exhibited either single or two-phase microstructures.

The two-phase alloys included the Nb, Ta, and Cu-containing alloys. All other

additions resulted in single-phase microstructures.

4.1.3.1.11.1 Two-Phase Alloys

Both Nb-containing alloys exhibited a distribution of Nb-rich particles

(typically 1-3 microns in diameter) which were traced back to precipitate

films found between dendrite arms in the individual powder particles. The

relative coarseness of these precipitates apparently prevented the second

phase froi providing significant strengthening as evidenced by the similar

strength values of the two Nb-containing alloys, although the volume fractions

of the second-phase particles were significantly different. As a solid

solutiun strengthening addition, Nb resulted in significant yield strength
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(a) Fracture Area

(h) (;ril) Areu

Figure 41. Light photos of Cu-li) d/o (Al I uy I-,~ I i u bUW)Uc (111-" C
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increases at elevated temperature (105%). Room temperature ductility was

reduced from 3-10 fold. Two thread failures in the 5 a/o Nb alloy indicated

that a notch sensitivity problem may exist.

The Ta-containing alloys behaved somewhat similarly. The 5 a/o alloy

exhibited a bi-modal distribution of precipitates. The 1-3 micron particles

were observed, as in the Nb alloys, as well as larger elongated particles

which were traced to the cast electrode bar used to produce the PREP powder.

This suggests that gross segregation occurred on solidification of the bar,

and there was insufficient superheat during the PREP process to melt these

regions. Therefore, the Ta rich regions were spun off the stick in a solid or

semi-solid state and were frozen within the powder particles. The low (1 a/o

Ta) alloy, apparently, did not exceed the solid solubility limit and, thus,

was tested as a single-phase alloy. This afforded a comparison of the effect

of the solid solution strengthening capability of Ta. It was shown that Ta is

a potent strengthener (with a 115% yield strength increase exhibited by the

high Ta alloy) at elevated temperatures and, more importantly, did not cause

as significant a loss (33%) in room temperature ductility as was observed for

the Nb-containing alloys. This combination of properties was unique among the

prealloys tested.

Both Cu-containing alloys exhibited poor elevated temperature properties

which can be attributed to weakened grain boundaries.

4.1.3.1.11.2 Single-Phase Alloys

The single-phase alloys, as a group, exhibited, with a few exceptions,

either substantial high temperature strength improvement or acceptable room

temperature ductility, but not both. The 6 a/o Mn alloy was one of the

00
exceptions in that it exhibited a 251 increase in yield strength at 600°C

(11120F) while maintaining attractive elongation at room temperature. The 12

a/o Mn alloy was weaker and less ductile than the 6 a/o alloy. However, both

alioys exhibited a greater than two-fold drop in room temperature strength as

compared to the baseline alloy.
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Mo was shown to dramatically increase the elevated temperature strength

over the baseline, but, at least at the 2.3 a/o level, resulted in nil

ductility. As in other nil ductility alloys, this alloy exhibited premature

tensile failure at room temperature. Therefore, the room temperature ult.imate

" strength was lower than the 6000 C (1112 F) ultimate strength.

Cr at the 2-3 a/o level along with small amounts of Mo (0.2-0.- a/o) was

* shown to enhance elevated temperature yield strength somewhat (29'A) while

maintaining the inherent room teperature ductility of the baseline. this was

the only alloy, besides the 6 a/o Mn alloy, which did not exhibit reduced room

temperature ductility compared to the baseline alloy.

4.1.3.2 Oxidation Results

Oxidation testing was performed on the Series I alloys to deteriot2 if

any of the alloying additions significantly degraded the inherent oxidation

resistance of the baseline Fe3 Al. The evaluation was performed in two ruis.

The first run included all the prealloyed extrusions which did not require

homogenization heat treatments, but were given the 500 0 C (932 0 11)24 hour

ordering heat treatment. The second run included all the alloys dilich were

* not chemically homogeneous in the as-extruded condition. These alloys were

exposed to the homogenization heat treatments described previously in Section

4.1.2.4 and then the ordering heat treatment prior to the initiation of

testing. The specimens in both runs were identical and consisted of a right

" circular cylinder 0.66 cm (0.25 inch) in diameter by 1.3 cm (0.5 inch) high.

*Samples were weighed on a laboratory analytical balance with a precision of

nominally 0.0002 grams before and after exposure to stIC laborato,y 1r In a

box furnace held at 816 C (15000 F).

During the first run, all specimens were reiroved fron the, ft jnace and

reweighed at 24, 96, 240, and 486 hours. The inter, t ut this evaluitithi was t(I

* determine the parabolic we ight constant for each ciioy and compare i t wi to tit

" of the baseline. However, only a few al loys lmoI.ir,r Led pa &)l 1i w (, t!

gains. Most of the alloys, incl uding the h i i ie ?AI , inovwi w, i Ot

losses. For these reasons, parabol ic rate cu staots wer I ,' i'it ,lO ,r,,:

the second oxidation screening run , cur Auctel in , l d , , w ,

fl
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limited to a single weighing after a 240 hour hold at 816°C (15000F) in static

laboratory air.

The data for both runs is tabulated in Table X and includes the results

for the 240 hour exposure. The I a/o Cr and 3 a/o Si alloys were not tested

because of material shortages. The 3 a/o Ni alloy was not tested because of

the delays in the establishment of the proper homogenization heat treatment

for this particular alloy. Since alloys containing greater amounts of these

particular elemental additions did not exhibit a degradation in oxidation

resistance compared to the baseline, it was assumed that the alloys which were

not tested would have behaved similarly.

A photograph of the prealloyed samples after 96 hours exposure to 8160C

(1500 0 F) is shown in Figure 42 and indicates the relative oxidation resistance

of the prealloyed specimens. The 10 a/u V alloy was degraded rapidly, while

the other alloys, including the baseline, evidence little or no oxidation

reaction products. This observation was supported by the weight gain data,

Table X, which indicated that most of the alloys exhibited weight charlnjes

which were comparable to the baseline alloy.

Figure 43 compares the alloy containing 5 a/o Ti to the I0 d/O V alloy

and to the baseline. In this photograph, the Ti alloy is shown after 240

hours exposure while the V alloy and the baseline are shown after 480 hours.

The V alloy has undergone catastrophic oxidation with the result that little

sound, unoxidized, material remains. Apparently, V at this level not only

prevents the formation of a coherent alumina tilin, but accelerates the

oxidation kinetics as well. The Ti alloy exhibited d thicK scale and a large

increase in weight. The specimen surface was analyzed by SEM/EDS, and as

shown in Figure 44, was found to be principally iron oxide. It appears that

Ti, at the b a/o level, prevents the formation ot a coherent altniria layer.

The baseline alloy, shown in Figure 43, was representitive ut the di JyS wiiLh

did not experience significant weight changes.

Alloy 1-14 (actual Mo content of 2.3 a/o) experienced a moderte w,i

loss (-3 my/c112) which was related to a slight increase in the amn(Ount ot

scale observed on the specimen surface as conpared to tht, baseline ;iatoridl
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TABLE X

OXIDATION RESULTS FOR TASK II/SERIES I ALLOYS

2
Specific Weight Change (10 -3 g/cm.
After 10-day (240 Hours) Exposure to

Alloy Composition 816 C (1500uF) Laboratory Air

I-I Fe7 4 Ti IA1 25 0.0

1-2 Fe7 0 Ti 5 A12 5  +9.6

1-3 Fe70V5 A12 5  Not Tested

1-4 FeA65VoAl25 Decomposed

I-5 Fe74Cr1A12 5  Not Tested

1-6 Fe7 oCu 5 A]2 5  -0.25

1-7 Fe6 9 Mm6Al 25 -0.71

1-8 FeMMl A] -0.96

1-9 Fe7 2 Ni3 A12 5  Not Tested

1-10 Fe65 Ni 0Al25 +0.25

I-il Fe7Nb A] -0.47

1-12 FeoNb Al -0.03

1-13 Fe72MO3Al2 5  -0.13

1-14 Fe69 Mo6  25 -3.03

I-i5 Fe 4 Ta A12 5  -0.67

1-lb Fe70Ta5A12 5  10.32

1-17 Fe7 2 Cu5 A12 3  -1.80

I-I8 Fe7 Cu 0 A
] 

0  -0.19

1-19 Fe7 5 Si 3 A122  Not Tested

1-20 Fe7 5 SiSAl2
0 -A120

Baseline Fe3 Al -0.35
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#4 (10%V) #12 (5%Nb)

#7 (6%Mn) #15 (1% Ta)

#8 (12%Mn) 3 3 16 (5 % Ta]

#10 (10%Ni) #81%)# 18 10%Cu)

RN

#11(2%b)INCH #21 (Baseline

Fe3AI)

Figure 42. Photograph of prealloyed Task I/Series I Alloys after exposure to
81 0 C (1500OF) Air for 96 Hours.
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AoyFe Al 5 at Ti 10 at V
(No. 21) (No. 2) (No. 4)

Time 430 Hrs. 240 hrs. 430 Hrs .

Figure 43. Photograph of selected Task I/Series I Alloys Showing effect of
all 8yiny additions on oxidation resistance after exposure to
816 C (15000F Air. 2X Magni fication .
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I.Figure 44. SEM and EDAX phots tO T 11 ali Alily 1,?) after 240 hour exposure

85



The degradation of oxidation resistance is much less fur this alloy than for

either the 5 a/o Ti or the 10 a/o V alloys.

In summary, dramatic changes in oxidation behavior were observed for only

two alloys. Only the 5 a/o Ti and the 10 a/o V alloys exhibited extensive

oxidation. The only other alloy not emulating the oxidation behavior of Fe3Al

was Alloy 1-14 (actual Mo content of 2.3 a/o). Apparently Ti and V, when

present in sufficient quantities, prevent the formation of a coherent aljuinum

oxide layer. Mo alloys may exhibit similar characteristics, but to a far

lesser degree.

4.1.3.3 Workability Results

In order to determine the effect of alloy additions on the workability of

Fe3 Al, samples of extruded plus ordered prealloys and extruded plus homogenized

and ordered blends were upset forged. A sample of each alloy was machined into

a barrel shape and isothermally forged between unlubricated flat platens at

954°C (17500 F) and at a strain rate of 8 inch/inch/second in vdcuun,. The

preform configuration and an as-forged specimen are shown in Figure 45. These

parameters were selected as representative of typical forging conditions

employed within industry and were intended to offer a preliminary indication

of the relative workability of the various alloys. The work was pertormed by

Deformation Control Technology using an MTS apparatus located at the

University of Pittsburgh.

Each test generated a plot of applied load versus cylinder heiqht tot tht

alloy. A typical plot is shown in Figure 46 for the 2 a/o Nb alloy. Lach

compact was evaluated metallographically to establish the extent of cracking

as an aid in the interpretation of the results.

Deformation studies were conducted in two lots with the initial studies

being conducted on the prealloyed compositions and subsequent studies beinq

conducted on the blended alloys. Microstructural examination of ttie upset,

prealloyed specimens revealed that small amounts of residual steel extrusion

can remained on portions of some spec ienus. This made it necessary to redu(e

the diareter of the-extruded bar approximately 10;. in order to ensure that all

' .. " ... ' '". .. . . - i- .. .-i .. . i _ .. 'i, > ; . i : ' . - : .:, , , .' .,' :' -: ." I
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Figure 45. Photograph of Fe 3A] forying preform and as-forged specimen.
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of the can had been removed prior to homogenization of the blended materials.

This, in turn, resulted in slightly smaller samples and a reduced load

carrying capability which was considered during computation of the deformation

Iloads.

The data gathered during both sets of tests are summarized in Table XI.

Note that those alloys exhibiting very low tensile ductility at elevated

temperature (10 a/o Ni, 5 a/o Cu, 10 a/o Cu, and 3 a/o Si) were omitted fruii

the evaluations because poor workability was anticipated. The load to deform

the samples 10% in height was determined from the applied load versus cylinder

height plots. This load can be considered as being proportional to a relative

flow stress since the two lots were normalized with respect to the different

sample sizes. The deformation loads indicated that for this particular test

temperature, 954 0C (1750 0 F), the alloys could be grouped into three categories.

The first category included single-phase alloys (1 a/o Ti, 5 a/o Ti,5 a/o

Cr, 6 a/o Mn, 12 a/o Mn, and 3 a/o Mo) which all deformed 10k underloads less

than or similar to the baseline Fe3 A] alloy. This corresponded well with the

elevated temperature tensile data which indicated that all of these alloys

exhibited dpproximately the same ultimate tensile strength as the baseline.

The second category included the 6 a/o Mo, I a/o Ta, and 5 a/o Si alloys,

which deformed 10% at loads 33-50% higher than the baseline alloy. Again,

this data corresponded well with the elevated temperature data. The group of

alloys included three of the most potent elevated temperature solid solution

strengthening alloy additions (Mo, Ta, and Si, respectively) of the Series I

composit ions.

The third category included second phase containing 2 a/o Nb, 5 a/o Nb,

and S a/o Ta, which deformed 10; at loads approximately twice that of the

baseline. These data also agreed with the tensile data for these two-phase

al oys.

A relative workability ranik in was made on the basis of the prevalence

ai size ot the cracks observed along the circ inference of the forged compacts

relative to the baseline alloy. This rinkiny is also incIuded in Table XI. A

; C)



TABLE XI

WORKABILITY RESULTS FOR TASK II/SERIES I ALLOYS

ISOTHERMALLY FORGED AT 954 0C (1150UF) AND 8/SECOND

Load to Upset External Cracking
Alloy Composition Sample Heights 10% (Relative to laseline)

Kg Pounds

1-1 Fe74 Ti A12 5  502 1106 Simi l ar

1-2 Fe70 Ti5A1 25 631 1389 Similar

1-3 Fe70 V5 A]2 5  (1)

1-4 Fe6 5 VoA12 5  )

I-5 Fe7 4 CrIA] 2 5  (2)

1-6 Fe 5 Cr5 A l25 591 1302 Worse

1-7 Fe6 9 Mn6 Al2 5  755 1662 Similar

1-8 Fe63Mn 12 A 25 681 1500 Similar

1-9 Fe7 2Ni3 AIl 5  (3)

1-10 Fe 65Ni 10Al 2 5  (4)i

1-11 Fe73Nb2A]25  1323 2913 Similar

1-12 Fe70N5Al2 5  1353 2981 Similar

1-13 Fe7 Mo3 
A 25 654 1441 Worse

1-14 Fe69M°6A]25 1039 2289 Similar

1-15 Fe7 4 Ta A]25  926 2040 Much Wors;e

1-16 Fe70Ta525 1407 3100 Wor st,

1-17 Fe7 2Cu5 Al2 3  (4)

1-18 Fe7 oCu 1 oA1 2 0  (4)

1-19 Fe75Si 3A] 22 (4)

1-20 Fe75Si 5A] 20 1021 2249 Similar

Baseline Fe3A} 6B1 1500 Basti Im w

(1) Not Tested - Alloy cracked as extruded
(2) Not Tested - Material shortage
(3) Not Tested - Homogenization delays
(4) Not Tested - Very low 6000C (1112OF) tensile ductility

q9
_ I

* * * * *. . . . . * * * * . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . .



"similar" ranking was given to those alloys exhibiting cracks similar to those

observed on the baseline compacts. These cracks were typically 0.002-0.01 cn

(0.001-0.005 inch) in width.

A "worse" ranking was given to those alloys exhibiting more cracks per

unit of surface area or a similar number of cracks which were significantly

larger than observed on the baseline samples. These were cracks typically

larger than 0.01 cm (0.005 inch) wide. The cause of this increased cracking

could, in inost cases, be traced to ir -_rostructural features not found in the

baseline Material. The cause of cracking in the 5 a/o Ta alloy was related to

the presence of large second phase particles. Figure 47 shows that cracks are

associated with the interfaces between these particles and the matrix. T1he

cause of the cracking in alloy 1-13 (a Cr + Mo containing alloy) was related

to the presence of a few very large grains in this alloy. This

nicrostructural feature was caused by localized abnormal grain growth during

the homogenization heat treatment.

The single "much worse" ranking was applied to the I a/o Ta alloy which

exhibited a large number of very large cracks. These cracks were 0.07-0.13 cm

(U.0.030-0.060 inch) wide. Microstructural examination indicated that this

single phase alloy contained more than the usual amount of oxide stringers.

Figure 48 displays sections both transverse and longitudinal to the forging

direction. Cracks can be observed opening up along the oxide stringers.

These stringers did not s*gnificantly affect the tensile results presumably

because the tensile tests were perfoned with the loading axis parallel to the

extrusion (and, therefore, stringer) orientation. During the upset forging,

however, the circumterence of the sample was loaded in tension perpendicular

to the stringer orientation resulting in extensive cracking.

In sulu Ildry, the workability results indicated that the detorinatiun loads

of the various alloys were a strong function of composition. For a number of

alloys, the loads required to accomplish a 10k detormation were gener-Illy

similar to that for the baseline Fe.Al alloy. For alloys containing potent

solid solution strengthening additions (Mo, Ta, and Si), the deformation loads

were increased by approximately 33-b0% compared to tht baseline. For the two

phase alloys (2 a/o Nb, 5 a/o Nb, and 5 a/o Td), detormiation loads were double
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that for the baseline alloy. A workability ranking was made relative to the

cracking tendency observed in the baseline alloy and, in general, the alloy

additions did not significantly alter the workability characteristics. In

those instances where the workability was degraded, it was possible to

identify microstructural features not present in the baseline alloy as the

probable cause for the degradation. These microstructural features included

the presence of large second phases (in the 5 a/o Ta alloy), abnormally large

grains (in the Cr + Mo alloys), as well as extensive oxide stringer fonations

(in the 1 a/o Ta alloy).

4.1.4 Series I Summary

The Series I alloy studies included twenty alloys in addition to the

baseline material, Fe Al. These included ternary additions of ten elements at

two levels each, as shown in Table VI. Note that four of the alloys were

actually quaternary due to inadvertent mixing of the powders prior to the hot

extrusion consolidation operation. Screening evaluations including oxidation,

workability, and tensile property tests were conducted on these alloys.

For the oxidation testing, samples were held at 816°C (1500°F) 480 hours

in laboratory air. Visual and weight gain results indicated that only two

alloys (5 a/o Ti and 10 a/o V) exhibited significant degradation compared to

the baseline alloy.

Workability testing, involving upset isothermal forging at 954 C (115U°)

indicated that none of the alloying additions adversely attected the

workability of the baseline material. However, microstructural teatures such

as stringers of inclusions and large second phase particles uvershadoweo

compositional differences in a few alloys.

The prime objective of this progrr am was to enhance thte levdted

temperature strength of the baseline alloy without degradirii the rouml

temperature ductility. The results ot tensile testi. Ing performed both at room

temperature and at 600°C (1112 0 F) are show in Tat)es VIII and IX. RoOM ''

temperature ductility was generally ,,acrl t i , o superiur elC vat'(I

temperature strength in the o w t i i y, o Ti in i r q 4o, 1 * or Si

1...



Quaternary alloys containing Mo and Cr showed promise in that usable ductility

was maintained at room temperature while elevated temperature strength was

enhanced. The two phase alloys (Nb and Ta) also showed improved elevated

temperature strength while maintaining some of the baseline ductility. This

strengthening apparently was due primarily to solid solution effects since the

properties could not be related to the volume fraction of precipitates. This

indicated that a potential exists for further strengthening via refinement of

the precipitate size. Researchers at SRL determined that the 2 a/o Nb alloy

could indeed be further strengthened by heat treatment. The SRL heat

treatment consisted of a solution treatment with a water quench, plus a aging

treatment.

4.2 Series II Alloys

For the Series II effort, fifteen alloy compositions were produced by

isothermal forging of cast ingots. These alloys were primarily quaterniary

compositions and were evaluated by four-point bending tests.

4.2.1 Alloy Selection

Based on the Series I evaluations, fifteen additional compositions, as

shown in Table XII, were selected for further evaluation in Series 11. These

were prinarily quaternary alloys, and included combinations of one of the

non-einbrittling additions with one of the strengthening additions, with the

intent of achieving both enhanced elevated temperature strength and acceptable

room temperature ductilityd These Series I alloys were grouped into three

categories, (Cr series, Ta series, and Nb series), each designed to evalutp a

specific area of interest.

The Cr series was intended to be wholly single phase quaternaries. Cr

did not show a tendency to e,,ibrittle the baseline (as long as abnormal grai,

growth is avoided) and Mo was shown to provide solid solution strengthening at

elevated temperature. The principal objective was to bracket the optimal ratio

of Cr to Mo in terms of elevated temperature strength and room teiperature

ductility.
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TABLE XII

TASK I/SER[ES II ALLOYS

(Atomilc Percentdgy)

Alloy Chromiun Series - Single Phase

I -1 Fe - 25 Al - I Cr - i Mo

11-2 Fe - ?5 A] - I Cr - 2 Mo

11-3 Fe - 25 AT - 4 Cr - I Mo

11-4 Fe - 25 Al - 4 Cr - 2 Mo

Tantalum Series - Single-Phase

11-5 Fe - 25 Al - 0.75 Ta - I Mo

11-6 Fe - 25 AT - 0.75 Ta - 2 Mo

11-7 Fe - 25 Al - 0.15 Ta - O.5O Nb

11-8 Fe - 25 AT - 2 Ta

Niobium Series - Two-Phase

11-9 Fe - 25 Al - I Nb - 2 Cr

11-10 Fe - 25 Al - I Nb - 0.50 Ta

I-11 Fe - 25 Al - I Nb - I Ta

11-12 Fe - 25 Al - 1 Nb - 2 V

11-13 Fe - 25 A] - 2 Nb - I Cr

II-14 Fe - 25 Al - 2 Nb - 0.50 Ta

11-15 Fe - 25 Al 2 Nb - I V
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The Ta series was intended to evaluate the solid solution strengthening

potential ot Ta-Mo and Ta-Nb additions, based on the high elevated temperature

strength of the single phase Ta alloy of Series I. Nb and Mo additions to

this terndry would be expected to further enhance elevated temperature
k strength. The single ternary alloy (2 a/o Ta) was intended to evaluate an

a oy with Ti content intermediate between the two alloys studied in Series I.

ThIs was necessary because the leaner (1 a/o Ta) alloy was single phase and

the richer (5 a/o Ta) alloy contained large amounts of second phase which

could not he solutioned via heat treatment.

The Nb series was intended to result in essentially two phase alloys.

The 2 a/u Nb alloy was found to have significant precipitation potential.

However, it was established that the strengthening phase was metastable at

700 0 C (1292 0 F). The Cr, Ta, and V additions were selected in order to

evaluate their effect on precipitate stability as well as mechanical

properties. Other work at AFWAL has shown that small additions of V have been

shown to impart ductility to iron aluminides. The Series I results suggested

that Cr may have a similar effect.

4.2.2 Material Procurement/Processing

4.2.2.1 Ingot Casting/Homogenization

In order to evaluate the Series II compositions, new test stock was

produced. It was determined that producing test stock by casting ingots and

forging these ingots to refine the microstructure was more expedient in terms

of time and cost than the P/M process routing used for Series I. While the

P/M routing would be expected to produce a more refined microstructure in

terms of grain size and the size and distribution of any second phase, it was

anticipated that by proper selection of Thermo-Mechanical Processing (TMP)

parameters, the cast plus forge routing would produce a satisfactory

structure. The process, thus, selected included casting small ingots,

enhancing their chemical homogeneity via heat treatment, and upset forging to

refine the microstructure.

q7q
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Materials were procured to produce the Series II alloys and casting molds

were prepared using standard aerospace investment casting mold preparation

procedures. The charge compositions (by weight) are listed in Table XIII. A

1 kg (2.2 lb) total charge was used for each alloy. The charge was placed in

a ceramic crucible in a vacuum induction furnace. The chamber was evacuated

to 30 microns, backfilled with argon, and re-evacuated to 30 microns, after

which power was applied to the induction coil. The charge temperature was

monitored optically and ,vith a shielded thermocouple. After 15-20 minutes of

heating, the charge typically had reached 1610-1620°C (2930-295U°F). The

molten charge was held in this superheated condition for five minutes while

inductive stirring was taking place in order to improve homogeneity of the

melt. The melt was then poured into a cold ceramic mold. The temperature at

time of pour was typically 1600-1605 C (2910-2920 F). Use of both the five

minute hold and the use of a cold mold were developed during initial casting

trials. It was determined that the charge was not fully homogenized without

the five minute hold as evidenced by unmelted portions of the charge found in

the castings. Using a preheated mold caused casting pipe (shrinkage porosity)

to extend well beyond the riser and resulted in unusable ingots. The ceramic

mold, a typical casting, and the resultant forging preform after removal of

the riser and finish machining are shown in Figure 49. The vacuum induction

melted ingots were homogenized for 1000 C (1832 0 F)/1 week prior to the

isothermal forging operations.

4.2.2.2 Isothermal Forging

Isothermal forging was selected as the most suitable hot working method

on the basis of prior experience at AFWAL with the iron aluminide alloys. In

order to evaluate forgeability, the effects on mlicrostructure, and estahlish

forging parameters, subscale forging trials were performed prior to committing

larger sections of the castings to forging. Subscale forging specimens 1.,0 cm

(0.4 inch) in diameter and height were EDM machined from sound sections of the

riser of each alloy.
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TABLE XIII

CHARGE WEIGHTS FOR TASK If/SERIES II ALLOYS (GRAMS)

AyFe Al Other

11-1 832.1 137.7 Cr 10.6 Mo 19.6

11-2 814.1 136.6 Cr 10.5 Mo 38.8

11-3 799.8 138.0 Cr 42.6 Mo 19.b

11-4 782.0 136.9 Cr 42.2 Mo 38.9

11-5 818.7 135.U Ta 27.2 Mo 19.2

11-6 801.0 133.9 Ta 26.9 Mo 38.1

II-7 822.7 135.6 Ta 27.3 FeNb 14.4

11-8 797.3 131.9 Ta 70.8

11-9 811.5 137.9 FeNb 29.4 Cr 21.3

11-1U 816.8 135.9 FeNb 29.0 Ta 18.2

11-11 801.1 134.2 FeNb 28.7 Ta 36.0

11-12 806.1 137.9 FeNb 29.4 Fe 28.3

11-13 794.4 136.7 FeNb 58.4 Cr 10.5

11-14 789.4 134.9 FeNb 57.6 Ta 18.1

1I-15 790.8 136.8 FeNb 58.4 Fe 14.0

.I
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4.2.2.2.1 Forging Results

Forging was performed between flat internally heated IN-IO dies placed

in a 54,400 kg (60 ton) Baldwin Testing Machine. This equipment offered the

capability for controlled, variable cross-head speed. Specimens were coated

on all surfaces with a glass/graphite forging lubricant. Each specimen was

heated to 595 0C (11000F) for 5-10 minutes in air as a pre-heat operation to

preserve the integrity of the forging lubricant.

After pre-heating, each specimen was placed on the heated dies, which had

been heated to the 9540C (1750°F) forging temperature. Once the temperature

of the specimen was nominally the same as the dies (as determined visually by

color), rain contact was made with the workpiece and a small pre-load of

approximately 23 kg (50 Ib) was applied. The specimen was monitored with an

optical pyrometer to determine temperature equivalence with dies. Once the

temperature was equivalent, the pre-load was maintained for another 1-2

minutes to ensure temperature uniformity throughout the sample.

A cross-head speed of 0.03 cm/min (0.015 inch/min) was used throughout

the forging trials. This is equivalent to a strain rate of 0.04/min. Initial

trials indicated that a 6:1 (83%) reduction in height was possible in one

blow, but that the forging load increased exponentially during the last

portion of the forging. In addition, small surface cracks were observed on

the circumference of compacts forged in a single blow. The cause of the load

increase was determined to be excessive depletion of the lubricant. In all

subsequent trials, the specimens were upset approximately 2:1 (50%), cleaned,

re-lubricated, and finish forged in a second blow. This resulted in lower,

nore practical loads and less cracking of the forgings. Maximum forging loads

typically varied between 362-996 kg (800-2200 lb) for the first blow and

between 4525-8145 kg (10,000-18,000 lbs) for the second blow.

4.2.?.?.2 Microstructural Evaluation

The processing sequence discussed in the preceding section was performed

in order to develop process routings that would result in fine-grained

structures stuiable for mechanical property testing. It was anticipated that
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the alloys would either undergo dynamic recrystal I ization during torging or

recrystallization during subsequent isothermi al annealing it higher

temperatures. It was also anticipated that. the forging would retne the size

of second phase precipitates (if driy) and (,ose them to b e(_one more

homogeneously dispersed than in the cast structure. once the secono phase was

well dispersed, it might then be possible to create coherent precipitates via

a solution and age heat treatment.

4.2.2.2.2.1 Cr Series

The Cr series, which included various ratios of Cr and Mo additions to

the baseline material, was characterized by single phase alloys. A

representative example of this series was alloy 1I-I (1 a/o Cr, I a/o Mo).

The as-cast structure, shown in Figure 50, was characterized by a verv large

grain size, approximately 0.2 cm (0.08 inch) in diameter.

The structure of alloy 1i-i forged at 954°C (11hO°F) is shown in l ly,.re

51a. Note that although the grains have been severely deformed, the grain

size was not changed. Typical yrains measured I cm × 0.02 cm (0.4 inch x

0.0008 inch). The microstructure after application of a heavier etch is shown

in Figure 51b. This shows that smaller, lightly etched, grains are present

within the larger unrecrystallized grains. X-ray diffraction dnalysis

suggested that the smaller grains were actually defined by low angle grain

boundaries. Similar structures were observed in all of the alloys atter

forging at 954°C (1750(F) when exposed to the heavy etch, although only the

I ightly etched structure is shown ir, most of the figures. Iiii s textured

structure is not considered optimal for improved mechdn iCdl propert les

performance. There was no discernable ditterence between the inicrostructures

of the four alloys in the Cr series.

4.2.2.2.2.2 Ta Series

The intent of the alloy design of this seri's was to create single phase

alloys, but the degree of solid solubility of the refractory metLdls iri the

basel ine material was not precisely known. All tour Ta series a loys

exhibited two phase structures, although the volume Iraction ot the, ,,econd

102
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Figure 50. Light photos of ds-Cdst Cr-I a/u, Mo-I a/o (,Alloy 11-1) ingot
showing coarse kjrain size.
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phase vdried. Two examples of this series are discussed, alloy II-b (U.75 a/u

Ta, I a/o Mo) and alloy 11-8 (2 a/o Ta).

Alloy 11-5 in the as-cast condition is shown in Figure 52. The grain

size and shape were similar to that of the alloys in the Cr series. A small

amount ot second phase was observed at grain boundaries and within the grains.

In the as-forged condition, alloy 11-5 contained a small amount of second

phase as shown in Figure 53. These second phase particles were principally

cciposed ot Ta-Mo-Fe, as determired by EDS, and amount of about I volume

percent of the structure. The preferential partitioning of Mo in the second

phase relative to the matrix was somewhat unexpected, since Mo alone does not

form a second phase. The particles range from 5-15 microns in diameter.

Alloy 11-8 in the as-cast condition is shown in Figure 54. The grain

size is consistent with the other alloys. The second phase is concentrated at

grain bounoaries, but is also present to a lesser extent within grains.

After isothermal forging, alloy 11-8 exhibited large deformed grains and

relatively evenly distributed second phase particles as shown in Figure 55.

These particles are aligned perpendicular to the forging direction ana

typically measure 1b x I microns. EDS indicated that these particles are

principdlly of Fe-Ta composition and amount to about 20 volhie per cent of the

structure.

4.2.2.?.2.3 Nb Series

It was expected that all of the alloys in the No series would contain

secono ptase particles, due to the limited solid solubility of refractory

metals in the baseline alloy. It was also anticipated thdt solution ano ue

heat tredtients would be necessary subsequent to torg iny in order to tul ly

utilize the precipitation strengthening potential of these dl loys.

ihc %1) ser ies was , in yenerdl chardcteri zed by the same I ar(;e 4ralns

observeu in all the alloys. As expected, all six alloys contai ed second

*phaSe pdrticl es and the dmouAt of second phase was dclrect y related to t.

retratctory ,Nil bNt To) content.
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Alloy 11-9 (1 a/o Nb, 2 a/o Cr) and alloy 11-12 (1 a/o Nb, 2 a/o V)

exhibited similar structures. The as-cast structure of alloy 11-9 is shown in

Figure 56. Note the large grains and the presence of second phase particles

distributed throughout the grains as opposed to concentration at the grain

boundaries. After isothermal forging, Figure 57, alloy 11-9 exhibited the

same large deformed grains observed in other alloys and second phase particles

which amounted to about 10 volume per cent. EDS indicated that the second

phase was principally composed of Nb-Fe.

Alloy 11-11 (1 a/o Nb, I a/o Ta), alloy 11-13 (2 a/o Nb, I a/o Cr), and

alloy 11-15 (2 a/o Nb, I a/o V) were observed to exhibit microstructures very

similar to each other. Alloy 11-15 was representative of this group within

the Nb series and its cast structure is shown in Figure 58. Note the grain

size and the large amount of second phase both at grain boundaries and within

the grains. After forging, Figure 59, the second phase was aligned

perpendicular to the forging direction. These second phase particles are

typically 2 microns wide by 15 microns long and amount to about 20 volume

percent. EDS indicates that they are principally Nb-Fe, which indicates that

V, like Cr, tended to remain in solution in the matrix. Note that the heavy

etch, as employed for alloy 1I-i, Figure 51, delineated a sub-structure of low

angle grain boundaries within the large deformed grains.

The remaining two alloys in the series, alloy 11-10 (1 a/o Nb, 0.5 a/o

Ta) and alloy 11-14 (2 a/o Nb, 0.5 alo Ta) exhibited microstructures and

volume fractions o' second phase which correlated well with their r,sl)ective

refractory metal content.

4.2.2.3 Grain Refinement Studies

Grain refinement studies were conducted on the assumption that the large

grains and/or textured structure observed in the as-forged structures would be

unsuitable for mechanical properties testing. On the premise that the forging

conditions selected for the initial sub-size forgings did r t impart

sufficient strain energy into the alloys to cause fine grain

recrystallization, ddditional isothernal forging trials were perfurmed at

1 19



40X (polarized light) lOox
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Figure 56. Lignt priotos Of ds-cast Nb-i a/o, Cr-2 a/o (Alloy 111-9) viojot
showing coarse grain size.
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showing coarse ;rain size.
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lower temperatures. For this effort, sub-size specimens 0.9 cm (0.375 inch)

in diameter by 0.9 cm (0.375 inch) high of each alloy were isothermally forged

at 7300C (13500F) and 7900 C (14500F) at a constant strain rate of 0.04/min.

Forging was halted when the load on the dies reached 8,160 kg (18,000 lbs.),

which had been determined to be the safe limit of the ceramic insulation which

backed up the forging dies. This generally corresponded to a reduction in

height of approximately 6:1.

The single phase alloys exhi.)ited similar forging response at both forging

temperatures. The as-cast grain size was severely deformed and there were

smaller grains present within the larger unrecrystallized grains. An example

of this type of mnicrostructure for alloy 11-4 (4 a/o Cr, 2 a/o Mo) is shown

in Figure 60a in the as-forged condition. Recrystallization annealing

treatments were investigated in order to produce a more uniform grain size

throughout the forgings. These recrystallization anneals were conducted in

the temperature range 730 0C (1350'F) - 1120 0C (20500 F). These treatments
00

indicated that a one hour exposure at 9540C (1750°F) resulted in the most

uniform grain size throughout the forgings. An example of this recrystallized

grain size for alloy IH-4 (4 a/o Cr, 2 a/o Mo) is shown in Figure 60b. The

average grain diameter is approximately 375 microns. There was little

appreciable difference between the microstructures of the four alloys in the

Cr series. While it was realized that these grain sizes were significantly

larger than observed in the powder metallurgy alloys of the first series (as

shown in Figure 9 for the baseline Fe3Al alloy) they were refined compared to

the as-cast ingot and their distribution was homogeneous.

In general, the isothermal forging response of the two phase alloys was

similar at both forging temperatures. The microstructures were also similar
0to those of the 9540C (1750°F) forgings in that large deformed grains were

observed, which also contained smaller sub-grains. It was noted, however,

thdt the sub-grains appeared somewhat smaller in the lower temperature

foryings.
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An example of the as-forged structure for alloy 11-15 (2 a/o Nb, I a/o V)

* forged at 7300C (1350°F) is shown in Figure 61. A comparison of this

structure with that presented in Figure 59 for the same alloy isothermally

forged at 9540C (17500F) suggests a more refined size in the small sub-grain
structure. As a general comment as related to these two phase structures, all

the alloys contained second phase particles and the amount of the second phase

was related to the refractory metal content. As will be discussed in more

detail in Section 4.2.3.2 describing the material preparation efforts for the

Series II screening evaluation, solution treatment studies were conducted on

selected two-phase alloys in order to develop a dispersion of coherent second

phase particles in order to take advantage of the precipitation strengthening

potential of these alloys.

4.2.3 Screening Evaluations

Screening evaluations were conducted on selected alloys of the Series 11

group which included elevated temperature four-point bend testing. The
details of these screening evaluations are presented in the following sections.

4.2.3.1 Alloy Selection

The Series II alloys selected for the screening evaluations are listed in

Table XIV. Included in the table are the aim chemistries as well as the

analyzed results. These results indicated that the actual chemistries met the

aim with thf exception of alloy 11-15, which had less than the desired I a/o V.

The ritionale for the alloy selection was based upon several considera-

tions. First, it was desired to evaluate an alloy in each particular series

(Cr, Ta, and Nb as originally planned and shown in Table XII) with the

greatest strengthening potential compared to the baseline Fe3 Al composition.

Second, on the basis of on-going studies of precipitate behavior being

conducted at AFWAL/SRL, it was desired to evaluate an alloy with at least a 2

a/o amount of precipitate forming addition to optimize the amount of coherent

second phase in the microstructure.
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I
TABLE XIV

CHEMICAL COMPOSITION OF TASK II/SERIES II

ALLOYS SELECTED FOR SCREENING EVALUATIONS

WEIGHT PERCENTAGE ATOMIC PERCENTAGE

ALLOY AIM Fe Al X Y Fe Al X Y

11-4 Fe-25AI-4Cr-2Mo 79.03 13.03 3.97 3.97 70.2 24 3.8 2

11-8 Fe-25A1-2Ta 80.9 11.97 7.13 --- 75 23 2 --

11-13 Fe-25A]-2Nb-lCr 81.16 13.74 4.04 1.06 /1.8 25.1 2.1 1

11-15 Fe-25A1-2Nb-1V 81.84 13.63 4.13 0.4 72.4 25 2.2 0.4

II q

. ... .°.

. . .• - . .- . . . .. . -.-.... . ...... .. . . ,. - .- ,-- , -. , .- .,, , ,. _, -.-..-. ..- -i



7 - I -.-

..d

On this basis, alloy 11-4 (4 a/o Cr, 2 a/o Mo) was chosen from the single

* phase Cr series as having greatest strengthening potential. Alloy 11-8 (2 a/"

Ta) was chosen from the Ta series to maximize refractory content. Alloys

11-13 (2 a/o Nb, 1 a/o Cr) and 11-15 (2 a/o Nh, I a/o V) were chosen to

maximize refractory content as well as on the basis ot studies in progress at

AFWAL that Cr and V additions do not significantly degrade ductility.

4.2.3.2 Material Preparation

The purpose of the sub-size isothermal forging/grain refinement efforts

was to establish forging parameters for the eventual scale-up to provide

material for the screening evaluations. As stated previously, the sub-siz,"

forging specimens were prepared from sound sections of the riser portion of

the vacuum induction melted ingot of each alloy. The scale-up forging work

was done on forging preforms machined from the ingots as shown in Figure 49.

The same isothermal forging procedures were used for each of the four

alloys selected for the screening evaluations. The starting stock size was

3.6 cm (1.4 inch) in diameter by 3.8 cm (1.5 inch) high. The forging was

performed at 730°C (13500F) in a 678,733 kg (750 ton) vacuum hydraulic press

using flat Mo-TZM dies with boron nitride/graphite lubricant. A constant

strain rate of 0.06/min was used and the workpiece was soaked at teonperature

for 1-1/2 hours prior to deformation. A reduction in height of 6:1 was

achieved and a full-size forging, along with a forging preform, is shown in

Figure 62.

On the basis of the grain refinement studies conducted on the sbh-size

specimens, a recrystallization anneal heat treatment was applied to the alloy

11-4 forging. This anneal consisted of a one hour exposure at 954 C (175°F).

On the basis of studies conducted at AFWAL/SRL on the pr.ecipitation

behavior of the Ta and Nb containing alloys it was established that fill 1

precipitate solutioning could be achieved in alloys 11-8, 11-13, and 11-15.

I -
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This had been Ostdhi shed on the basis of studies conducLfed on slI'aIl

metallographic specimens sectioned from the sub-size forgings. This solution

treatment included a 30 minute exposure at 1250°C (22823F) followed by a

quench in agitated water. Upon application of this solution treatment to the

full size forgings, however, severe quench cracks were observed throughout the

forgings. The degree of quench cracking was so severe that specimens could

not be machined fro-ri the forgings . This indicated that thie vacuum inuctio,,

relting/isothermal forging processing approach developed for, these prLiculdar

al loys would not be able to exploit the strengthening potential suggested by

the precipitation behavior in small section sizes.

4.?.3.3 Test Results

As a result )f the quench cracking problem with alloys 11-8, 11-13, andl

11-15, testing was conducted only on the 11-4 alloy. This evaluation included

eltvated temperature four-point bend tests conducted on specimens 0.3 ci

(0.125 inch) x 0.6 cm (0.250 inch) x 2.9 cm (1.125 inch) in size. The results

of these tests are presented in Table XV and include the yield strength

(elastic limit) dt 600 °C (1112 0 F), 650'C (1202 0 F) and 10°0C (1292 0 F). For

comparison purposes, the yield strength results for the baseline Fe3 Al alloy

at 6000 C (1112 0 F) generated as part of the Series I testing and the yield

strength results of Fe-35A1-4Cr-2Mu generated at AFWAL are also included in

Table XV.

The results indicate that the 11-4 alloy offers significant improvement

in yield strength capability at 600 0C (1112 0F) compared to the baseline Fe3 Al

composition. The yield strength of the 11-4 alloy was approximately 2.5 times

that of Fe3A]. These results confirm the potent solid solution strengthening

capability of Cr and Mo additions to Fe3Al identified in the Series 1 alloy

testing. The yield strength of the 1-13 alloy (0.3 a/o Mo, 2 a/o Cr) was

approximately 1.6 times that of Fe3 Al at 600°C (1112 0 F). The increased Cr and

Mo additions in alloy 11-4 (4 d/O Cr, 2 a/o Mo) resulted in iiiprovl so'ii

solution strengthening.
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TABLE XV

YIELD STRENGTH RESULTS FOR TASK I[/SERIES 11 ALLOYS (1)

ALLOYS (2 )  6UO°C (1112'F) 6500 (1202°F) 700°C (1292°F)

11-4 (4Cr, 2Mo) 545 Mpa (79 Ksi) 365 Mpa (53 Ksi) 200 Mpa (29 Ksi)

Fe3 Al Baseline 214 Mpa (31 Ksi)

(Fe-35Al-4Cr 2Mo) (3 )  b10 Mpa (74 Ksi) 338 Mpa (48 Ksi) 262 Mpa (38 Ksi)

(1) Elastic limit in four-point bend tests
(2) Alloys i1-8 (2Ta), 11-13 (2Nb, ICr), I-15 (2Nb,IV) not tested because of

quench cracks.
(3) ANWAL alloy prepared as 150 grain (0.3 lb.) arc melted button isothermally

forged 75 at 950 0C (1742 0 F)
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As shown in Table XV, Cr and Mo additions to Fe-35 a/o Al can alo result

in strength improvements compared to baseline Fe3 Al. It also appears that the

Fe-35 a/o Al base can also offer some improvement in 700 0C (1292(°F) yield

strength compared to Cr and Mo modified Fe3 l. This general situation is

further enhanced by the fact that the Fe-35 Al base would offer additional

attractive features in terms of reduced density compared to the Fe3 Al baseline.

4.2.4 Series 11 Summary

The Series II alloy studies included fifteen alloys divided into three

groups as shown in Table XII. These included ternary or quaterndry alloys

with Cr, Ta, or Nb as the common alloying addition. The compositions were

produced by isothermal forging of vacuum induction melted ingots. Plans

called for specific compositions to be evaluated by elevated totperdtore

four-point bend tests.

During preparation of material for testing, it was observed that the Cr

series exhibited a single phase microstructure characterized by a large

as-cast grain size. Isothermal forging parameters were defined followed 'my

recrystallization anneals which produced a uniform equiaxed grain size of

approximately 375 microns in diameter. Alloy 11-4 (4 a/o Cr, 2 a/o M) was

tested in four-point bending with the result that the 6000C (11120F) yield

strength improved by a factor of 2.5 compared to the baseline Fe3 AI alloy.

These results confirmed the potent solid solution strengthening capability of

Cr and Mo additions to Fe3 A] identified during the Series I testing.

Also during preparation of material for testing, it was observed that the

Ta and Nb series exhibited a two phase nicrostructure characterized by the

presence of precipitate particles the amounts of which were related to the

refractory metal content in the alloy. Solution heat treatments were

identified by AFWAL/SRL in parallel studies which were s i cessfijl in

completely solutioning the second phase particles in small netalI )raphic

specimens. A section size sensitivity was observed, however, in th1. it ,evir

quench cracking was encountered durinq the quenching of the full-sie forqed

12S.
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pancakes intended for the screening evaluations. It was not possible to

machine specimens from these quenched pancakes. This indicated that the

vacuum induction melting/isothermal forging processing approach developed for

these particular alloys would not be able to exploit the strengthening

potential suggested by the precipitation behavior in small section sizes.

4.3 Alloy Characterization

For this effort, a single alloy composition was produced by the hot

extrusion of vacuum induction melted ingots. The alloy was a quaternary

composition designed on the basis of the results of the Series I and 11

alloys. Alloy characterization consisted of mechanical property tests

including tensile, creep rupture and fatigue tests at elevated temperature.

Oxidation resistance of the alloy was also characterized.

4.3.1 Alloy Selection

The alloy selected for evaluation in this final portion of the program

was Fe-35A1-4Cr-2Mo (in atomic percent). This selection was made in order to

take advantage of the potent solid solution strengthening demonstrated by Cr

and Mo additions during the Series I and II evaluations. In addition, it was

desired to enhance the specific strength by utilizing a base alloy (Fe-35 a/o

Al) exhibiting a lower density that the Fe3 Al baseline. While it was

recognized that two phase alloys based upon Ta and Nb additions do offer
potential for precipitation strengthening, the quench crack sensitivity

demonstrated in the Series II isothermally forged pancakes represented a

possible limit to the applicability of these alloy development concepts within

the scope of this program.

4.3.2 Material Procurement/Processing

4.3.2.1 Ingot Casting/Hoinogeni zation

In order to evaluate the Fe-35AI-4Cr-2Mo composition, new test stock was

produced. To achieve a ,more refined grain size than was developed in the

*. .



isothermally forged cast ingots used for the Series II evaluations, a process

roujting including the hot extrusion of vacuum induction melted ingots was

selected. The ingot casting procedures used to prepare the final alloy were

identical to those described previously in Section 4.2.2.1 for the Series II

alloys. For this effort, 11.3 kg (25 Ib) ingots were prepared which exhibited

the same large as-cast grain size as shown previously in Figure b0 for the

11-1 (0 a/o Cr, I a/o Mo) alloy. Subsequent to casting, the ingots were

treated with the same 1000 C (1832°F)/I week homogenization treatment employed

for the Series 11 ingots.

4.3.2.2 Hot Extrusion

Hot extrusion of the vacuum induction melted ingots was employed in order

to refine the large as-cast grain size of the Fe-35AI-4Cr-2Mo alloy. The

canning procedures for these ingots were identical to those used for the

Series I loose powder alloys and described previously in Section 4.1.2.2,

including the extrusion can configuration shown schematically in Figure 2.

As part of this investigation, an extrusion matrix consisting of six

extrusions was evaluated. A listing of the extrusion conditions including "

temperature and reduction ratio is presented in Table XVI, which also lists

the grain sizes resulting from the various extrusion parameters.

The extrusion trials conducted at 843 0 C (1550 0 F) and modest reductions

(reduction ratios less that 6:1) indicated poor results in that the 5.4:1

reduction caused the billet to stall in the extrusion press. Extrusion at the

3.5:1 reduction was successfully completed, but examination of the as-extruded

nicrostructure indicated two problems, as shown in Figure 63a. The first

included the fact that the microstructure was characterized by a non-un~furm

duplex grain size. Areas of the structure were characterized by a relatively

small grain size, with an average grain diameter of 50 microns. Coni[arison of

this grain size with that achieved for the Series I le,3 Al powdmr haseline

alloy, shown in Figure 9, indicated a comparable griin diameter. Thero were,
however, isolated grains larger than 250 microns in diameter thrmmltholut the

j' F'
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structure. The second problem included the presence of isolated instances of

cracking throughout the microstructure. This cracking, shown in Figure 63b at

500X magnification, appeared to initiate at grain boundaries and propagate in

a transgranular mode. Neither of these conditions suggested that the 8430 C

(1550 0 F), 3.5:1 reduction ratio extrusion should be used for mechanical

property testing.

Increasing the extrusion temperature to 8990 C (16500 F) and increasing the

reduction ratios did not eliminate the problems observed in the lower

temperature extrusion. The duplex grain size condition, as well as the

isolated instances of internal cracking persisted. It was also observed that

the average grain diameter of the areas of relatively small grains increased

somewhat compared to the 843 0 C (1550 0 F) extrusion. A typical microstructure

observed in these 899 0 C (1650 0 F) extrusions in shown in Figure 64a for

* material extruded at the 9:1 reduction ratio. The areas of relatively small

* grain size were characterized by grains with an overall average grain diameter

of approximately 70 microns.

The final two extrusions were conducted at higher temperatures. The

extrusion conducted at 927 0C (17000 F) and 36:1 reduction ratio did not appear

*promising in that the duplex grain stucture persisted and the degree of

cracking appeared more severe. A typical microstructure for material extruded

under these conditions is shown in Figure 64b. Groups of very small (average

grain diameter of approximately 15 microns) grains were observed associated

with more numerous large grains in excess of 250 microns. The severity of

cracking is also evident in this microstructure.

The most optimum microstructure was observed in material extruded at

954 0 C (1750 0 F) with a 16:1 reduction ratio. Typical microstructure observed

in this extruded material is shown in Figure 65. This was characterized by a

uniform equiaxed grain size approximately 125 microns in average grain

diameter, without the presence of cracking. While it was recognized that this

grain size was significantly larger than the 50 micron grain size exhibited by

extruded powder Fe Al baseline alloy (Figure 9), it was smaller than the 375
3

micron grain size of the typical Series II Cr containing alloys (Figure 50).
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As a consequence of these considerations, the mater iaI extruded dt 9L'4

(1750°F) with a 16:1 reduction ratin was solected for nechanical )roperti."

testing.

4.3.3 Properties Characterization

Properties characterization conducted on the Fe-35AI -4Cr-2Mo included

elevated temperature tensile, creep rupture and low cycle fitigue tests, room

temperature high cycle fatigue tests, and oxidation tests. The actual

chemistry of the extrusion selected for evaluation was Fe-34.SAl-i.'Cr-?.N.u

in atomic percent. The test specimen configuration was identical to the.

shown schematically in Figure 33 for the Series I testing. Thr, results of
these properties characterizations are presented in the following sections.

4.3.3.1 Tensile Test Results

The program objective included the development of COInpos ions whi

offer improved room temperature ductility and hi (Ih temperature, strength

compared to basel ine Fe3A . Tensile tests were conducted on the [e--.5/W -4(r-

2Mo alloy at room temperature and 600°C (1112°F) and the results are presented

in Table XVII. On the average, this material exhibited an ultimat tensile

strength of approximately 413 Mpa (60 Ksi), a yield strength of 3hl Mpa (5?
Ksi), elongation of 2.6 percent and reduction of area of 3.3 percent at room

temperature. Comparison with the results listed in Table VIII tir le3Al

indicated that the quaternary alloy was inferior in performinc on, 1 a1

accounts. It was significant to note that the ductility of the luaterndry

alloy was approximately 50' lower than that of the Fe3AI. Fxamind.iori of the,

failed test specimens revealed that there was little deformation of the lIrains-,

and, unlike the Fe3Al, the fracture mode was principally transgranuolar. An

example of this structure is shown in Figure 66a. The fracture mode, for le 3Al

at room temperature was principally intergranular, as shown in Fiure 35.

Tensile testing at 600°C (II2F ) indicated oii average ultiliat.,, te'ns II

strength of 467 Mpa (68 Ksi) a yield( strenqth of 344 0pa (50 K', I I oreltt i on

of 50 percen't. and re(j(t i'on n- 9 rea of- 1'0 p'rcont.. .omupa r i son with the
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results listed in Table IX for Fe3Al indicated that the quaternary alloy

exhibited increased strength, but somewhat lower ductility. The yield

strength of the quaternary was approximately 1.6 times that of the Fe3A]

alloy, with approximately 72 percent of the elongation. Comparison of the

data presented in Table XV for the Series I testing, however, indicated that

the quaternary alloy prepared by the extrusion of vacuum induction melted

ingot did not exhibit the 600°C (1112 0 F) yield strength of either alloy 11-4

(4 a/o Cr, 2 a/o Mo) or the Fe-35A1-4Cr-2Mo alloy processed at AFWAL, which

exhibited yield strengths in the range 510-545 Mpa (/4-79 Ksi). Fxamination

of the failed test specimens indicated extensive deformation of grains near

the fracture surface as well as separation along grain boundaries. An example

of this structure is shown in Figure 66b for regions near the fracture

surface. This general behavior was also observed for the Fe3 AI alloy, is

shown in Figure 36. More extensive grain boundary separation wac observed,

however, in the Fe3 A] than in the quaternary alloy.

In summary, the results of the tensile tests conducted on thy quaternary

alloy confirmed the pL ent solid solution strengthening effects of Cr and Mo

additions with regards to elevated temperature yield strength. The

Fe-35A1-4Cr-2Mo alloy exhibited 1.6 times the yield strength capability of

Fe3AI at 600°C (1112 0 F). This strength increase, however, was achieved at the

expense of a loss of approximately 50 percent of the room temperature tensile

ductility (percent elongation) of the Fe3Al

4.3.3.2 Creep Rupture Test Results

Creep rupture tests were conducted on the Fe-35A1-4Cr-2Mo quaternary

alloy in the temperature range 570 0C (1058 0F) - 6490 C (1200 0F) and the results

are listed in Table XVII. The tests conducted at 6490C (1200 0 F)/241 Mpa (35

Ksi) exhibited extremely short rupture lives and time to 0.11 creep. Reducing

the test conditions to 570 0C (1058 0 F)/207 Mpa (30 Ksi) resulted in an average

rupture life of approximately 300 hours and an average time to 0.1'; creep of

approximately 34 hours. Comparison of these results can be made to cominer(ial

410 martensitic stainless steel, which exhibits yield strength eqiJivalent to

that of the Fe-35AI-4Cr-?Mo at 6f0ilC '(1'1124'), )p[rxi~ina'tely 34b MpAj 50 ksi).
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Under the same 570°C (1058°F)/207 Mpa (30 Ksi) rupture conditions, 410

martensitic stainless steel would exhibit a rupture life of approximately 20

hours, with a time to 0.1% creep of less than one hour.

Examination of the failed rupture bars indicated a similar fracture mode

at both test conditions in that cracking was predominantly intergranular in

nature. Examples of the structures observed in the failed rupture bars are

shown in Figure 67. These structures are in marked contrast to that exhibited

by the 600°C (11120F) tensile test specimen shown previously in Figure 66a.
0 0Under the tensile test loading at 600 C(1112°F) considerable deformation was

observed in the grains in addition to the intergranular type fracture. Under

the creep loading at approximately 70% the yield strength, little grain

deformation occurred with crack initiation and propagation occurring along the

grain boundaries.

4.3.3.3 High Cycle Fatigue Test Results

Room temperature high cycle fatigue tests were conducted on the Fe-35A1-

4Cr-2Mo alloy and the results are presented in Table XVIII. The tests were

conducted at a frequency of 10 Hz, in a tension-tension mode on smooth test

specimens. The initial test specimen was to be loaded to a maximum of 413

Mpa (60 Ksi), which was the approximate ultimate tensile strength of the alloy

as determined by the room temperature tensile tests, Table XVII. The specimen

failed upon loading, however, at a maximum load of 410 Mpa (59.5 Ksi). Stress

levels were then bracketed between 310 Mpa (45 Ksi) and 345 Mpa (50 Ksi) with

the result that the specimens did not fail at or over one million cycles.

These results suggest that the endurance limit (as defined by a failure life

in excess of one million cycles) for this material lies between 345 Mpa (50

Ksi) and 410 Mpa (59.5 Ksi). These data also indicate that the conventional

high cycle fatigue S-N curve for this material would be characterized by an

extremely shallow slope and that the material could be loaded to a high

percentage (33%) of the ultimate tensile strength without failure within one

million cycles. The comparison of these results with data being generated at

AFWAL on FeAl and FeAl + TiB2 indicate inferior performance of the

Fe-35AI-4Cr-2Mo alloy. At room telnperature, tho FeAl exhihited an endurance
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TABLE XVII

TENSILE AND CREEP-RUPTURE DATA FOR Fe-35A1-4Cr-2Mo ALLOY

Tensile Data

Temperature Ultimate Strength 0.2% Yield Strength % Elong. % RA

Room 404.7 MPa (58.7 Ksi) 363.3 MPa (52.7 Ksi) 2.6 2.9

Room 422 MPa (61.2 Ksi) 358.5 MPa (52.0 Ksi) 2.6 3.7

6U00C (1112 0F) 463.3 MPa (67.2 Ksi) 339.9 MPa (49.3 Ksi) 49.8 55.0

6000C (1112 0 F) 470.8 MPa (68.3 Ksi) 347.5 MPa (50.4 Ksi) 50.1 56.6

Creep Rupture Data

Time to % Elong.

Temperature Stress Level Rupture Life 0.1% Creep at Failure

570 0C (1058 0 F) 206.8 MPa (30 Ksi) 265.2 Hr 9.1 Hr 8.5

570'C (1058 0F) 206.8 MPa (30 :,si) 334.2 Hr 58.4 Hr 8.0

b490C (1200'F) 241.3 MPa (35 Ksi) 4.3 Hr <0.1 Hr. 4.5

649 0 C (120,0 r) 241.3 MPa (35 Ksi) 4.0 Hr <().1 :Ir 4.0
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limit of approximately 621 Mpa (90 Ksi) while the FeAl + Til? exhibited an

endurance limit of approximately 862 Mpa (125 Ksi).

Metallographic examination of the test specimens indicated that cracking

had been initiated in spite of the fact that the specimens did not fail within

one million cycles. An example of this type of cracking is shown in Figure 68

for the specimen exposed to 345 Mpa (50 Ksi) for over two million cycles.

Transgranular cracking can be observed in this specimen, initiating at bcth

the specimen surface and at a grain boundary, Figure 68a. This type of

transgranular cracking was also observed in the roo, temperature ti,,sile test

specimens, as shown in Figure 66a.

4.3.3.4 Low Cycle Fatigue Test Results

Low cycle fatigue testing was performed on the Fe-3tilAlo'-?Mu atloy and

included strain controlled, fully reversed cycling at 6(30IC dI1  io) ard a

frequency of 0.33 Hz. The results of these tests are listed in Iable XVIII.

The initial test was conducted at a total strain range of P.i!(0, with the

result that failure occurred in a brittle manner after 8 cycles. The second

test was conducted at a total strain range of 0.0050, arid after 1018 cycles

the strain range was increased to 0.0070, after which the specimen fa iled in a

brittle manner after 4 cycled.

Examination of the failed test specimens indicated behavior in marked

contrast to that observed for the tensile and creep rupture test, fiJc ed at

similar temperatures. As shown ipreviously i P .u> Ii , t,-' I test

specimens exhibited considerable deformat ion in the ira i, ,s ,e"l I as I

predominantly intergranular fracture mode. As s' rowrn :,r,'. ', r i ljr, 6/.
creep rupture specimens exhibited an intergranular lractur oI . o shown in

Figure 69a, however, low cycle fatigue Specimen No. * ,hiI, little

deformation in the grains, but considerable evidence of trdnWs!drI, I ar (-racking

near the fracture surface. Examination of this specinn in the oi,, ar- m s'i

indicated the presence of transgranular cracs in; this rei~inn. I'1 , fi,!e of

this is shown in Figure 69b. These types of crack- are . milor to tho-ne shown

in Figures 63 and 04 for Fe-35AI-4Cr-2Mo alloy -,tr-id it cow i1ions other
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(b) 500X

Figure 68 Light photos of Fe-35AI-4Cr-2Mo room temperature hiih cycle fatiguLe
test specimen loaded it 345 Mpa (50 Ki ) showiwi crack initiation
sites.
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than the 954 0 C (1750 0 F)/16:1 reduction ratio condition selected for the

properties characterization. This suggested that the cracking observed near

the fracture surface of the low cycle fatigue test specimen, Figure 69a, was

not, in fact, the result of the fatigue cycling but was already present in the

material prior to test. It was significant to note that this cracking was not

observed in the sections examined to characterize the as-extruded material,

nor was it observed in the grip areas of the tensile, creep-rupture, or high

cycle fatigue specimens discussed previously. This suggested that the

cracking was highly localized in the extrusion sections used to characterize

the low cycle fatigue properties.

4.3.3.5 Oxidation Results

Oxidation testing was performed on the Fe-35Al-4Cr-2Mo alloy and included

exposure at 8160C (15000F) in laboratory air for 240 hours. These were the

same conditions used to evaluate the Series I alloys, the results of which

were presented in Table X in terms of specific weight change. For the Fe-35

Al-4Cr-2Mo alloy, the specimen was 1.3 cm (0.5 inch) in diameter and 1.3 ciml

(0.5 inch) in length. The results indicated no change in the 10.7442 gal

(0.023 lb) weight of the test coupon. A photograph of this test coupon is

shown in Figure 70. As shown in Table X, the Fe3Al baseline alloy exhibited a

slight specific weight loss. The fact that the Fe-35A1-4Cr-2Mo alloy

exhibited no specific weight change was riot surprising in view of the higher

Al and Cr content compared to the Fe3Al alloy.

4.3.4 Alloy Characterization Summary

Properties characterization conducted on the Fe-35A]-4Cr-2Mo alloy

included elevated temperature tensile, creep rupture and low cycle fatigue

tests, room temperature high cycle fatigue tests, and oxidation tests. These

tests were conducted on vacuum induction melted ingots extruded at 954 0C

(17500F) and a reduction ratio of 16:1. This material exhibited a homogeneous

grain size distribution of approximately 125 microns in average grain diameter.
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Figure 70 Photograph of Fe-35A1-4Cr-2Mo oxidation test coupon after exposure
to 816 0C (15000F) laboratory air for 240 hours.
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The tensile results confirmed the potent solid solution strengthening

effects of Cr and Mo additions with regards to elevated temperature yield

strength. The quaternary alloy exhibited 1.6 times the yield strength

capability of Fe 3Al at 600 0C (11120F). This strength increase, however, was

* achieved at the expense of a loss of approximately 50 percent of the room

* temperature tensile ductility (percent elongation) of the Fe Al.

The creep rupture results were compared to commercial 410 ndartensitic

* stainless steel , which exhibits yield strength equivalent to that of the

quaternary alloy at 600 0 C(11120F), approximately 345 Mpa (50 Ksi). Under the

same 570 0 C(10580F)/207 Mpa (30 Ksi) rupture conditions, 410 stainless steel
would exhibit a rupture life of approximately 20 hours (compared to an average

* life of 300 hours for the quaternary alloy) and a time to 0.1% creep of less

than one hour (compared to an average life of 34 hours for Elie quaternary

alloy).

The room temperature high cycle fatigue results indicated that the

* endurance limit (as defined by a failure life in excess of one million cycles)

of the quaternary alloy lies between 345 Mpa (50 Ksi) and 410 Mpa (t9. Ksi).
* Further, the data indicated that the conventional high cycle fatigue S-N curve

* would be characterized by an extremely shallow slope and the material could be

loaded to a high percentage (83%) of the ultimate tensile strenqIth without

failure within one million cycles.

The quaternary alloy exhibited poor low cycle fatigue characteristics at

600 C (1112 0F). Brittle type failure was observed with low failure lives

(less than 10 cycles) at relatively low total strain ranges (0.0010-0.007).

* Examination of the failed bars indicated the presence of transgranular cracks

which appeared to exist in the material prior to testing. That these cracks

* were isolated in the extrusion was suggested by the fact that they were not

observed in the as-extruded specimens used to characterize the extrusions nor

were they observed in the tensile, creep rupture and high cycle fatigue

* specimens.
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Oxidation testing included exposure for 240 hours in laboratory air at

81600 (15000F). There was no specific weight change as the result of this

exposure, which was not surprising in view of the high Al content and the

presence of Cr.
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5.0 SUMMARY AND CONCLUSIONS

A program was conducted in order to develop improved iron-al uminide

alloys for potential Air Force applications. More specifically, efforts were,

focused on the Fe3 A] system which exhibits the DO3 ordered crystal lattice

with particular emphasis being addressed towards improving tih high

temperature strength and room temperature ductility of this systm. To

accomplish this the experimental approach involved the screening evaluation of

two experimental series of alloys which then formed the basis for the

selection of a single alloy composition for more complete properties testing.

The alloy design philosophy was based on the concept of improving str(ength and

ductility through an investigation of the effects of ternary and quaternary

element additions on the resultant microstructures and changes in the Dp q -00 ?

transformation temperature. Powder metallurgy as well as isother-ia] forging

processing routes were explored for these experimental alloys.

The first alloy series included twenty compositions in addition to the

baseline material, Fe3Al. These alloys were p)rocessed thro icjh powle r

metallurgy routings and included ternary additions of ten elements at two

levels each, as shown in Table VI. It can be seen that four of the alloys

were actually quaternary compositions due to the inadvertent mixinq of Lhe

powders prior to the hot extrusion consolidation operation. The alloys

investigated in this study were characterized by either a single phase (sol :1

solution strengthening) or a two-phase (precipitation strengthening) type

microstructure. Screening evaluations including oxidation, worahil ty, a)d

tensile property tests were conducted on these alloys.

Oxidation tests involved exposures in laboratory air at OlbY ( O5UOF).

Visual and weight gain results indicated that only two alloys ( aou Ti and 11]

a/o V) exhibited significant degradation compared to the haseline alloy.

Workability testing involved upset isothermal forgjing at 954° (: it/j1j I) 'jod

indicated that none of the alloying additiorn', adversely ?t ' ,(-I t.ho

workability as exhibited by the baseline alloy.
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The results of room temperature and 600 C (11120F) tensile tests are

shown in Tables VIII and IX. The single phase alloys exhibited varying

degrees of solid solution strengthening at elevated temperature. Si

additions, at the 3 and 5 atomic percent levels, for example, resulted in

approximately 2.5-3.0 times the 600°C (11120F) yield strength of Fe3 Al , but

with only approximately 10 percent of the room temperature elongation. More

modest increases in elevated temperature strength were exhibited by alloys

containing Cr and Mo, with accompanying higher levels of ductility. The most

optimum of the solid solution strenghtened alloys contained 3.5 Cr + 0.5 Mo

(atomic percent) and exhibited 1.3 times the 6000 C (11120F) yield strength of

Fe3Al, with equivalent room temperature ductility (4.8 percent elongation).

The two phase alloys (Nb and Ta) also showed improved elevated

temperature strength while maintaining some of the baseline ductility. This

strengthening was apparently due primarily to solid solution effects since the

properties could not be related to the volume fraction of precipitates. This

" indicated that potential exists for further strengthening via refinement of

the precipitate size. Researchers at SRL determined that the 2 a/o Nb alloy

could indeed be further strengthened by solution and aging heat treatments.

This alloy exhibited approximately 4 times the 600°C (1112 0 F) yield strength

of Fe3 Al with aoout 60% the room temperature elongation. SRL efforts also

established that alloy additions did affect the DO3 - B2 transition

temperature in all of the Series I alloys, but there was little correlation,

however, between 600°C (1112 0 F) strength and change in Tc values. This

suggested that factors other than the stabilization of the DO3 phase to a

higher temperdtlre control high temperature strength in these alloys.

The second alloy series included fifteen alloys divided into three groups

as shown in Table XII. These included ternary or quaternary alloys with Cr,

Ta, or Nb as the common alloying addition. The compositions were produced by

isothermal forging of vacuum induction melted ingots. The Cr series exhibited

a single phase microstructure characterized by uniform, equiaxed grains

approximately 375 microns in average grain diameter in the isothermally forged

and annealed condition. Alloy 11-4 (4 a/o Cr, 2 a/o Mo) was tested in

four-point bending with the result that the 600 0 C (1112 0 F) yield strength
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improved by a factor a 2.5 compared to the baseline Fe3 AI alloy. These.

results confirmed the potent solid solution strengthening capability of Cr and

Mo additions to Fe3 Al identified during the Series I testing. During the

preparation of material for testing, the two phase Ta and Nb series of alloys

exhibited quench cracking sensitivity during quenching from the solution

temperature. It was not possible to machine specimens for testiug. This

indicated that the vacuum induction melting/isothermal forging processing

approach developed for these particular ailoys would not be able to e~p~oit

the strengthening potential demonstrated in the Series I evaluat.,0n..

The alloy selected for final evaluation this "rogramo wac , - - -

2Mo (in atomic percent). This selection was di, 'i order tn t.d4. I Ii I i

of the potent solid solution strengthening de ons, ,, hy r ir " d, , r ot q;

during the Series I and II evaluations. , r u ,j, . ,

specific strength by utilizing a base alloy .,,r.. a n~er C ,s, *'i

the Fe3Al baseline. While it was recognzio .. o , .,

Ta and Nb additions do offer potential lur 'i in rtren&Vir ,, !ie

*.r quench crack sensitivity demonstrated in tne ,r1, I ailoyc , - t d

possible limit to the applicability of these alloy lovelopir ent concfl,[tJ within

the scope of this program. Alloy characterization coisi ted ot riechanical

property tests including tensile, creep rupture, fatigue and oxidation tests

conducted on material produced by the hot extrusion of vacuum induction melted

ingots.

The tensile results confirmed the potent solid solution strngtheninc

effects of Cr and Mo additions. The quaternary alloy exhibited l.f Limes tihe

yield strength of Fe3A] at 6000 C (11120F), with a loss, however, of

approximately 50 percent of the room temperature ductility (percent

elongation). The creep rupture results were compared to commrcial 411)

martensitic stainless steel, which exhibits 600°C (1112 0 F) yield strength

equivalent to that of the quaternary alloy, approximately 345 Mpa '')0 Ksi).

Under the same b70C (1058°F)/207 Mpa (30 Ksi) rupture conditions, 411)

stainless steel woul d exhibit a rupture life of approximately '() hours

(compared to an average life of 300) hours for tht juaternary alloy ,ind a time

to 0.1% creep of less than one hour (compared to an average life oI 34 h00crs

* . . *. * . . . * . . .°
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for the quaternary alloy). The room temperature high cycle fatigue results

indicated that the endurance limit (as defined by a failure life in excess of

one million cycles) of the quaternary alloy lies between 345 Mpa (50 Ksi) and

410 Mpa (59.5 Ksi). The quaternary alloy exhibited poor low cycle fatigue

characteristics at 600°C (1112 0 F). Brittle type failure was observed with low

failure lives (less than 10 cycles) at relatively low total strain ranges

(0.010-0.007). Examination of the failed bars indicated the presence of

transgranuldr cracks which appeared to exist in the material prior to testing.

That these cracks were isolated in the extrusion was suggested by the fact

that they were not observed in the as-extruded specimens used to characterize

the extrusions nor were they observed in the tensile, creep rupture and high

cycle fatigue specimens. Oxidation testing at 816 0C (15000 F) for 240 hours

indicated no specific weight change, which was not surprising in view of tie

high Al content and the presence of Cr.

In summary, this effort indicated that the most significant potential for

combined high temperature strength and room temperature ductility was

demonstrated for two-phase alloys based upon Nb. Further alloy optimization

is required to define the maximum strengthening potential. These subsequent

studies would also have to address processing sensitivity, however, especially

with regards quench cracking during the heat treatments necessary to develop

full strengthening.
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APPENDIX I

1.0 INTRODUCTION

TRW was teamed with Systems Research Laboratories, Inc. (SRL) on this

program with SRL responsible for in-depth microscopic characterization of the

alloys under study. The SRL efforts included homogenization studies, a

screening of the DO3 - B2 transition temperatures (Tc) for the varimius alloys

as well as a characterization of the precipitation behavior of the Nb

containing alloys. The findings are presented in the following sections.

2.0 HOMOGENIZATION STUDIES

Heat treatment studies of selected blended alloys (5 a/o Ti, 3 a/o Ni),

and the prealloyed 3 a/o Mo alloy, which was also found to contain Cr, wer"

conducted in order to define treatments to homogenize the alloy cont,!ot. The

results of these studies are presented in the following sections.

2.1 Alloy 1-2 (5 a/o Ti)

Examination of the as-extruded microstructure revealed that Ti was not

homogeneously distributed in this blended alloy. However, it was found that d

11000C (20120F) hold for 168 hours (one week) homogenized the material without

producing excessive grain growth. A SEM micrograph which displays the

homogenized structure is shown in Figure Al. The grain size is approximately

60 microns. SEM energy-dispersive X-Ray analysis (EDAX) showed unifonn Ti

content from grain to grain. Two types of grains were observed: a) those

showing no pull-outs (i.e., no impurity ceramic particles); these grains were

thought to nucleate in powder particles originally rich in Ti, the Ti

appearing to scavange interstitial impurities,; and h) those shnwi nl'

significant pull-outs, these grains were thought to nucleate in F,3AI powder,

particles originally containing no Ti. It was considered ditfir ult to

identify the ceramic particles owing to their extremely small sir, ().l- r.3

mi crons).

A,?-
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Figure Al. MicrostrUCture of Fe70Ti5A125 in the As-Extruded-
Plus-11000C/i week Heat-Treated Condition.

Fioure A2. Microstructure of Fe72fli3Alri t he P -FXttued
P1 us-1100C/1 week Hlea t-Treated eonditin. Ldd



2.2 AI oy 1-9 (3 a/o Ni)

*4

This alloy was a blend of the Fe3AI and the 1-10 (10 a/o Ni) alloy arid,

in the as-extruded condition, was not uniform with regard to Ni distribution.

After a homogenization treatment of 11000C (2012°F) for 168 hours (one week),

the alloy was found to be homogeneous. The microstructure, shown in Figure

A2, was almost identical to that in homogenized 1-2 (5 a/o Ti) alloy. The

pull-outs were observed only in regions which were originally Fe3Al. The
regions which were originally Ni-rich did not show pull-outs but evidenced a
larger average grain size than regions which were originally Ni-free.

2.3 Alloy 1-13 (3 a/o Mo)

This was a blended alloy in which, by error, Cr and Mo were mixed. In

the as-extruded condition, Cr-rich and Mo-rich segregated islands were

observed in the microstructure; therefore, the decision was made to perform a

11000C (2012 0F)/168 hour (one week) homogenization treatment. SEM EDAX

analysis revealed the alloy to be homogeneous and contain a single phase. The

average grain size was determined to be approximately 100 microns.

3.0 SCREENING OF DO - B2 TRANSITION TEMPERATURES

The DO3 Fe3A phase transforms to the B2 FeAl phase at 540 (IO00°F)

Since the ternary additions in Fe3 Al were expected to change the transition
temperature Tc, and this change may have an effect upon the mechanical

properties, a decision was made to characterize this effect upon Tc. The

approach included determining whether Tc was higher or lower than 6000 C

(11120 F) and, in cases where Tc was higher, to determine the approximate

temperature range in which Tc might fall.

3.1 Experimental Procedures

Small specimens of extruded (prealloyed) and extruded-plus-homogenized

(blended) alloys were held at 6000C (1112F) for one hour in vacuum and then

A4



water quenched. Thin foils were prepared from these specimens for TEM

examination of the 00 3 and B2 domains. If the observed 003 domains were

extremely small (say less than 200 Angstroms), then it would indicate that

r. only quenched-in domains were present and, therefore, 600°C (1112 0F) was above

the DO3 - B2 phase boundary. However, if DO3 domains were to have a

significant size (say 5000 Angstroms), then it would indicate that 6000C

(11120F) was in the DO3 phase field. Some alloys indicated the latter; in

those cases specimens were held at 650 0C (1200°F) for one hour and water

quenched, and thin foils were prepared for TEM examination. These steps were

repeated with the temperature being raised in 50°C (90oF) intervals until TEM

examination revealed that the DO3 - B2 boundary had been crossed.

For TEM examination the grains were tilted to produce (110)-zone

diffraction patterns. Phase-angle calculations indicated that the

superlattice reflections of the type {1111 reveal contrast from both the DO3

and the B2 anti-phase domain boundaries, while [002}-type reflections reveal --

contrast from only the B2 anti-phase domain boundaries.

3.2 Results

Since the number of alloys investigated was large, only representative

examples of TEM mnicrographs are presented in this Appendix. Figure A3

contains dark-field electron micrographs taken with g = (111) for specimens

quenched from 600°C (1112 0 F), 6500 C (12000F) and 7000C (1292°F) for the 1-14

alloy (6 a/o Mo); also included is the [110]-zone-axis diffraction pattern

for a specimen quenched from 600°C (1112 0 F). Similar diffraction patterns

were observed for the other two quenching temperatures, with no significant

differences being found in the intensities of the superlattic reflections

(111) and (002). The DO3 domains are visible in these micrographs, and it can
30 0be seen that they are slightly larger for 650 C (12000F) than for 600 C

(I112°F); however, the domain size is very small in the 7000C (1292°F)
0quenched specimen. It may be concluded, therefore, that up to 650°C (12000F),

the alloy is in the DO3 phase field and that at 700 0 C (12920F) the D03 phase

boundary is exceeded. Thus, Tc must fall somewhere between 6500C (1200 0 F) and

7000C (1 ?9?1)•
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Figures A4a and A4b contain (111) and (002) dark-field electron

micrographs, respectively, for the 1-16 alloy (5 a/o TaK oenched from 600 0C

(1112 0 F). Figure A4a shows extremely fine quenched-in D0, domains, while

Figure A4b shows large B2 domains. Thus, for this alloy, Tc was below 600°C

(I)112 0 F). Figures A5a and A5b are (111) dark-field electron micrographs for

the I-I alloy (I a/o Ti) and the 1-2 alloy (5 a/o Ti), respectively. Both
0alloys were quenched from 600°C (1112°F); the former shows quenched-in DO,

domains indicating that Tc is below 6000 C (1112 0 F), while the latter shows

large 003 domains with anti-phase domain boundaries parjllel to certain

crystallographic planes. Therefore, addition of 5 a/o Ti in Fe3 Al not only

increases Tc but makes the anti-phase boundary energy highly anisotropic. (In

Fe3Al the DO3 domain boundaries have no preference with respect to

crystallographic planes and exhibit random domain structure). For the 5 a/o

Ti alloy, the planes on which these boundaries lie were not determined.

The type of data included in the above examples was generated for the

remainder of the ternary alloys. A summary of the temperature range in #qhich

Tc falls is given in Table Al. Also included in this table is the yield

strength of the ternary alloys determined at 6000 C (1112 0 F). It is apparent

from this table that a number of ternary additions increase Tc above 600°C

(11120 F); these are (in atomic percent additions): 5Ti, 5Cr, 6Mn, 12Mn, 1ONi,

3Mo, 6Mo, 3Si, and 5Si. The greatest incease in Tc corresponds to a 5 a/o Si

addition. The strength at 6000C (11120F) showed little correlation with

changes in Tc values, e.g., I a/o Cr alloy (Alloy 1-5) with Tc below 600°C

(1112)F) exhibited higher strength, 354 Mpa (51.3 Ksi), than the 5 a/o Cr

alloy (Alloy I-6), 273 Mpa (51.3 Ksi), with Tc falling bet ween 6000C (I1120 F)

and 650 ° C (1200°F). This suggests that factors other then the stabilization

of the DO3 phase to a higher temperature control the hijh temperatire yielA

strength.

4.0 Precipitation Strengthening Potential in Fe,,A1 + Nh Alloys

in the as-extruded condition alloy 1-11 (2 3/o Nb) dud alloy I--12 5 a/o

Nb) exhibited a two-phasei 'ni crostructore, as shown by the FM mirroira.hs

Figure Ah. The second phase is in the form of w_1dK-l W-I distrihti'j

I% - .
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TABLF A I

SUMMARY OF T0 DATA
(T0 for Fe3Ak-54O0C)

ALLOY T U yat 6001C REMARKS

___ ___ __ (00) (KSI)

Fe7 4AI 25Til <600 43

Ti5  >600 36 HIGHLY CRYSTALLOGRAPHIC

DOMAIN BOUNDARIES

5 OXIDATION PROBLEM

Cr 1  ( 600 51

Cr5  600-650 39

Mn 6  650-700 38

Mn 2  600-650 29

Ni3  (600

Ni1 0  600-650 57 RELATIVELY SLUGGISH DOMAIN

GROWTH

b < 600 61
N2 )? TWO PHASES

Nb5  <600 63

Mo 3  600-650 49

Mo 6  650-700 53

Ta1  < 600 54

Ta 5  (600 66 TWO PHASES

C5  (0253TWO PHASES
Cul 0  - 25

S3  65-0 7PREVIOUS WORK
Si 5 700-725 77

A1 0

....................... *4\



AS-EXTRUDED Fe 73 AI 25 Nb 2

AS-EXTRUDED Fe 70 AI25 Nb5

Fiqure A6. Two-Phase NicrostructUre in Fe,/\1 -Nh Alloys.
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particles and offers the possibility of precipitation strengtheninj. However,

in order to exploit such a potential, it is important to characterize the

second phase and the matrix solubility of Nb at different temperatures and to

explore whether the second phase can be solutionized and reprecipitated in

controlled manner. This portion of the report presents results of a study of

*-. the precipitation behavior of these two alloys and also includes preliminary I.

tensile-strength data from room temperature to 7000C (12920F).

4.1 Experimental Procedures

A number of heat treatments were carried out with the followinj

objectives: 1) to change the solute content in the matrix as a function of

temperature, 2) to dissolve the second phase, 3) to precipitate the secorld

phase in a controlled manner, and 4) to determine the thermal stability of the

precipitates. The details of the heat treatments are presented in the results

section.

Quantitative electron probe microanalysis (EPMA) was perfort;med to

determine the chemistry of the second phase. X-ray and TEM were jtilized to

determine the crystal structure of the equilibrium second phase and to

characterize the ,metastabie intermediate phase (i.e., coherent precipitates.

Finally, the alloy I-I (2 a/o Nb), in which a uniform distribution of

coherent precipitates was produced by an aging treatment, was tested in

four-point bending to determine its tensile strength up to 700 0C (1?42 K.

4.2 Results

4.2.1 Characterization of the Precipitation Behavior

Quantitative EPMA performed on the second phase particles showi In jurk

* A6 revealed the second phase to be approximately Fe56A]1 9Nb25. or a )y

1-12 (5a/oNb), a number of heat treatments at temperatures ranyinj tr.)Ii

(1292 0 F) to 13500C (2462 F) were carried out to change the volume fra,.'.Io)rI ot

. the particles as well as the Nb solute content in the natri *. h-

solubility in Fe3 A as a function of temperature, was determirmed t y L MA,

Al?
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however, subsequent results revealed that the heat treatment temperatures were

in error. The correct results indicated a sufficient curvature in Nb

solubility with temperature to permit controlled precipitation.

A large number of single-crystal TEM diffraction patterns generated from

the second phase particles were analyzed to determine the crystal structure

(Mr. Dennis Dimiduk of AFWAL/MLLM assisted in this portion of the research and -

- analyzed the diffraction patterns). An example of a TEM bright-field image of
a particle and associated diffraction patterns (two zone axes obtained by

tilting the same particle) are shown in Figure A7. The diffraction patterns

could be self-consistently indexed based upon a hexagonal lattice and

exhibited a crystal lattice which is isostructural with a known compound,

Fe2Nb. X-ray diffraction peaks confirmed this analysis. Since the crystal

structure of the particles is complex and appreciably different from the

ordered BCC (DO3) structure of the matrix, a strong possibility exists that

these particles, even when extremely small, are not coherent with the matrix.

Heat treatment studies were conducted on alloy 1-11 (2 a/o Nb) to help in

defining the precipitation behavior in this material. Solution studies were

conducted over the temperature range 700 C (1292°C) - 1350 0C (24620F) and on

the basis of these studies 1350°C (2462 0 F) was selected as the solution heat

treat temperature. Alloy I-1l (2 a/o Nb) was held at 1350°C (2462°F) for two

hours, water-quenched, and subjected to different aging treatments at

temperatures ranging from 650°C (1200 0F) to 800°C (1472 0F) and for times from

1 1 to 192 hours. Figure A8 includes a bright-field transmission electron

inicrograph showing the inicrostructure in a specimen quenched from 1350 C

(2462°F). No evidence of precipitation was found; the background contrast
originates from the thermal B2 anti-phase boundaries. The diffraction

patterns in the quenched condition corresponded to the DO3 phase; appropriate

dark-field observations revealed the presence of extremely fine DO3 domains

enclosed by larger B2 domain boundaries.

The transmission electron micrographs in Figure A9 reveal the micro-

structure in a specimen which was aged at 1000 C (1292°F) for one hour after

the quenching treatment. Coherent precipitates with modulated contrast can be
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observed in Figure A9a; the corresponding (111)-zone diffraction pattern,

Figure A9b, contains reflections corresponding only to the DO3 phase. In

several other zones Le.g., (110), (100)], only DO3-phase diffraction patterns

were observed with no extra reflections which could be associated with the

precipitates. Figure A9c is a (111) dark-field microgrdph showing that the

particles as well as the small DO3 domains in the matrix are illuminated.

However, dark-field examination using primary reflections did not illuminate

the particles. The absence of reflections other than those for the DO3 phase_

and the illumination of the precipitates by the DO3 superlattice reflection

(111) indicate that the crystal structure of the precipitates is associated

closely with the DO 3 structure. Additional effort would be required to

determine the exact crystal structure of the precipitates.

When specimens were aged for longer times and/or at higher temperatures,

the coherent precipitates were no longer present; instead, large incoherent

particles were observed, as shown in Figure AIO, which corresponds to a

specimen aged at 7500C (1382°F) for 24 hours. Trace analysis revealed no

.- connection between the crystallographic growth directions of the coherent

precipitates and the large incoherent precipitates. The diffraction patterns

obtained from the large particles revealed a hexagonal, Fe2Nb-type crystal

structure. These data indicate that the small coherent precipitates belong to

a metastible phase; however, this phase is not a crystallographic precursor

of the large incoherent particles belonging to the equilibrium Fe2Nb-type

phase.

Table All summarizes the results of different aging treatments conducted

to alter the precipitation behavior in alloy 1-i1 (2 a/o Nb). The data

include aging time and temperature, nature of the precipitate, and hardness

values. It can be seen that the coherent particles are not stable at higher

temperatures and longer times (e.g., 100 C (12920 F)/192 hours, 750 0C

(1382 0 F)/24 hours, 800 0 C ,1472 0 F)/20 minutes). The hardness data indicate

that the coherent precipitates provide only a small amount of hardening.
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TABLE A II

PRECIPITATION BEHAVIOR:
Fe7 3AI 2 5 N b2

HEATTREATMENT NATURE OF PPT HARDNESS
(ROCKWELL 1/16 IN. BALL, 60 KG)

13500C/2 HR--WQ NO PPT 22.5

+ 650OC/4HR COHERENT 26
+ 650OC124 HR COHERENT 25.5

+ 700OC/1 HR COHERENT 25

+ 7000C/8 HR COHERENT 24.5

+ 700 0C/192 HR INCOHERENT LARGE

+ 750°C/1 HR COHERENT
+ 7500C/8 HR COHERENT 25

+ 750°C/24 HR INCOHERENT LARGE

+ 8000C/5 MIN NO PPT 21

+ 8000C/20 MIN INCOHERENT LARGE 21.5

+ 8000C/1 HR INCOHERENT LARGE
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It was not possible to dissolve all second phase particles in alloy 1-12

(5 a/o Nb), even at temperatures as high as 1400°C (2552 0 F). Holding this

alloy at 1350 0 C (2462 0 F) for 2 hours, however, should produce an equilibrium

volume fraction of large Fe2Nb-type particles and a matrix having

some Nb in solution. A lower temperature aging after quenching from 1350°C

(24620 F), therefore, should produce a microstructure consisting of large

Fe2Nb-type particles and, in the matrix, fine coherent particles. Figure All

(a and b) contains microstructures obtained by such heat treatments. In the

quenched condition, Figure Alla, the darker grains (particles) are the

Fe2Nb-type phase and the larger, lighter grains are the B2 phase; the grain

boundaries are free of precipitation. In the aged condition, Figure Allb,

additional precipitation of the stable phase occurred at the grain boundaries;

however, no coherent precipitates were observed in the grains. This suggests

that the aging temperature of 700°C (12920F) is above the coherent solvus.

The reason for such behavior may be associated with the significantly smaller

grain size and consequent large qrain boundary area in this alloy, as compared

with that in alloy 1-11 (2 a/o Nb). An aging temperature lower than 700°C

(12920F) may produce the coherent precipitates in the grains.

4.2.2 Tensile Properties

The decision was made to obtain preliminary tensile-property data for

alloy I-1i (2 a/o Nb) containing the coherent precipitates in order to assess

the precipitation strengthening potential. Tensile data were generated by

four-point bend testing. Figure A12 shows the proportional-limit strength as

a function of test temperature (solid circles) for bend bars subjected to d

heat treatment of 1350 0C (2462 0F)/2 hours water quench + 7000 C (1292 0 F)/2

hours air cool. The strength at room temperature is approximately 1379 Mpa

(200 Ksi), at 600 0C (11120F) is approximately 827 Mpa (120 Ksi), and at 700 0C

(12920 F) is approximately 483 Mpa (70 Ksi). The total (elastic + plastic)

elongation at rom temperature was determined to be 2.8%. The strength of the

as-extruded alloy (containing very large particles, Figure A6) is also shown

in Figure A12 as well as that of unalloyed Fe3 AI . These data indicate that

this alloy exhibits significant precipitation strengthening.
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